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Summary

The present report addresses the current stateaghenenergy technology by compiling, comparing amalysing existing
guidelines, recommendations, protocols and othehnieal specifications for assessment, modellirgsigh and analysis of
marine energy technologies.

It is intended to provide an extensive collectidrfundamental references for wave and tidal eneegpgarch and a first input
basis for future work within the EquiMar ConsortiuBackground information is based on the outcomas forevious National,
European and International RTD projects and pddicattention has been devoted to general and yohemed approaches
rather than methodologies defined for a specifidkof device. The idea is to analyse previous éistad results in the marine
energy pre-normative field and identify possibleadand knowledge gaps to be faced in the futureif@rovement and
harmonisation of the assessment techniques of enariargy devices.

This deliverable is subdivided in 7 chapters: Tingt bne represents an introduction to the curséaiius of marine energy and a
general presentation of previous international aegde programs based on the collaboration betweadeagic and industrial
partners from different countries.



Chapters from 2 to 6 summarise background infoionadivailable in different specific technical sulbgeand are connected to the
Work Packages included in the EquiMar project. fihe areas covered are:

o0 Physical Environment and Resource Specification

0 Concept Appraisal, Device Modelling and PerformaAssessment
0 Sea Trial Testing and Full-Scale Design and Deplaym

0 Policy Issues and Environmental Impact Requirements

0 Economic Assessment of Large-Scale Deployment

Each of these sections includes tables and aflistferences for deeper knowledge. Even if mosthefdocuments described
represent fundamental outcomes generally acknowbkbdhy the partners of the Consortium it has todd that, for reasons of
space, such list cannot be exhaustive and that deiedled insight of specific issues will be addegkas part of the future work
of the EquiMar project.

Chapter 7 resumes the content of the report andessies conclusions and recommendations derivedébyanalysis of the
information collected.

Due to the early stage of development of marinerggnéechnologies and given the current contempoedfgrt by several
research entities towards the large-scale indlisataon and commercialisation of this sector, if@rmation contained in this
report is subject to rapid modification and revieavsl updates might be provided in the future injwastion with partners and
outside stakeholders.
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1. INTRODUCTION
1.1 THE CURRENT STATUS OF MARINE ENERGY

The interest in renewable energy technologies bas lgrowing exponentially in recent years. Thedase of energy demand, the
contemporary variation of the price of oil and cemcs about global warming have concurred to fauber development of
renewable energies, among which wind energy has\asth a remarkable evolution.

Marine energy has also enjoyed this consistent@timd has recently made important progress tavaotnmercially viable
technologies. Nowadays various device concepts ari several of these have already come to agrerercial stage.

Oceans constitute more than two-thirds of the &asthrface and act as a large collector of solargyn This concentrated energy
is transferred through complex wind-wave interatdidnto wave motion. In addition, tidal variatioase created due to earth-
moon gravitational pulls, rotational tilt and raté spinning. Global hydrological cycles, climationditions and geographic
features contribute to other forms of energy flux.

Marine renewable energy resources can be broadégadzed into: Waves, Tidal level changes, Tidalrents, temperature
gradients and salinity gradients.

New technologies in each of these fields are beiengloped at a national and international levetadothe world. Wave and
tidal stream energy particularly have been investid for decades and research in these subjectoh@sto consistent results,
both theoretically and experimentally and the nmaabtanced technologies currently being deployedtesttd belong to these
categories. Also, the majority of the commerciadjpcts and private investments are concentratinggame and tidal current
devices.

This report is entirely based, therefore, on thgpes of devices. However, considering the varaatg diversity of the different
concepts, it is likely that much of the informaticollected will be useful for other marine energyplications.

The number of developers and private or publictiestinvolved in this field is continuously growiragd a list of all the ongoing
projects and devices being developed at the momenld be long and necessarily incomplete. A glabadrview of the current
research and deployment marine energy activitie4ncountries can be found in the 2007 annual tejssued by the
International Energy Agency — Implementing AgreetrenOcean Energy Systems ([1]).

Regarding wave energy device developers, a reqatited state-of-the-art report ([2]) has been preduby the University
College of Cork within the European project WAVERUAsee section 1.3). This document includes a mewéexisting wave
technologies based on a preliminary classificatind a description of their own state of development

A similarly extensive description of existing tid@newable energy technologies available at theeptedate is included in the
Annex 3 of the Tidal Energy Roadmap ([3]) produeitin the Co-ordinated Action on Ocean Energy (Seetion 1.2).

1.2 AN OUTLINE OF THE PREVIOUS PRENORMATIVE RESEARCH ACTIVITIES

The contemporary development of marine energy w@olgies in several countries and the technologiballenges posed by their
design and deployment has generated discussiocamtbversy among the stakeholders on the diffesehitions proposed to
overcome these problems.

The existence of a large number of very differemjgrts and concepts in a sector that is not V&t eammercialised has also
imposed the necessity of a mechanism for inter-@ispn between them. Advances on an industrialsbagi be promoted

through a careful comparison of the differencegh@ concepts, but perhaps more importantly throtighidentification of

common themes and methodologies. This need forobaflequitable evaluation of marine energy converie particularly

important to define common baselines and recommimdafor development, testing and measurementdbald favour the

emergence of a new global market.

To this aim, a significant research effort has ntlgebeen devoted to the definition of a numbepuaftocols and standards, trying
to organise and compile the previous experiencdabdnfield in a series of recommendations and dimele regarding project
development, performance and site assessment, eemiig and safety requirements and global evalwatiduch of the
documentation resulting from these activities Wil presented and described in the following sestidngeneral summary of
these various approaches can be found in Table 1.
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Table 1 General resume of the previous global pre-normatgearch activities

Project Year
(organisation)

Scope Status

WaveNet 2003
(various
institutions)

Marine Energy 2006
Challenge (The

Carbon Trust)
MRDF (DTI) 2006
Ireland National 2006
Strategy for
Ocean Energy
(SEI-HRMC)
EPRI 2004
EMEC 2005

Marine Energy 2005
Challenge (The
Carbon Trust)

DNV OSS-312 2008

CA-OE (various 2004-
institutions and 2007
developers)

UKERC 2005
(various UK
institutions)
SUPERGEN 2003-

phase 1 (various 2007
UK institutions)

Not aimed to provide proper guidelines buteno€ompleted in 2003. Even if partially outdated it
focusing on collecting technical efforts andtill represents one of the best technical
conclusions on marine energy systems throughmmaries on ocean energy with a lot of useful
interaction between European institutions information

Addresses a comparison methodology for mariAestudy has been completed in 2006. The method
energy devices based on the estimation of the cpebposed is easily applicable and still quite used
of energy by stakeholders as preliminary indicator

Support of wave and tidal demontstra project Applications for funds are open. The performance
and related research protocols are completed.

A number of safety and operational criterid aConcluded, but relatively site-specific and
mandatory independent structural sea worthinedsveloped ‘in-house’ by one single
evaluation process for access to 1:4 scale opestitution/country

sea test site in Galway Bay. Plus scaling protocol

for wave energy devices in four phases (UCC-

HMRC)

Feasibility report of wave power for aga of Concluded, but purpose was rather feasibility
devices, considering a series of reporssessment. However, interesting procedures
concerning wave and tidal resource assessmamiuded

and methodologies for power estimation,

performance assessment and cost accounting.

Definition of standards and guidelines i@ve Ongoing. It is contributing to standard definition
and tidal energy for the IEC and draft guidelines on several issues
can be found at the website

Guidelines for the design and operation ofevaidocument with very good references to existing
energy converters standards has been complete

Certification of Tidal and Wave eEyy The Service Specification document was issued
Converters in Oct 2008

To develop a common knowledge base and briggpncluded. The whole project included

a co-ordinated approach to ocean energy reseanchanisation of thematic interactive workshops

and development for discussion and knowledge sharing. A Tidal
Energy Roadmap, including an up-to-date review
of tidal technologies, has also been defined

To promote cohesion and coordination withan tifOngoing. A marine energy technology roadmap
overall UK energy research effort has been already produced but is supposed to be
updated every year through consultation

Research program structured in several WoBirst phase is concluded. The full report includes

Packages to increase knowledge arah outline of all the results achieved and a Ifst o

understanding of marine energy all related publications. Second phase is ongoing
(see below)

A short explanation of the aforementioned projéstaven below:

-The WaveNet was set up as a European Commissi@mdtic Network to share understanding and inforomathn the

development of ocean energy systems. The outcortt@soctivity was a report ([4]), issued in 2083t summarised many of
the outputs of the network and that was intendedetowve as a useful reference point for those istedein the status and
development of the technology, the challenges facetithe potential for the industry. Eighteen oig@tions from nine countries
took part in the network. Even if outdated, thisalment is still a comprehensive resume of moshetéchnical issues involved.

-In January 2006 the UK Department of Trade andistry (DTI) proposed a £50 milion “Marine Renewablzeployment Fund”
to support the continued development of the margmewables sector, as part of the UK Wave and Daahonstration Scheme.
This scheme was designed to support the deployafesmhall arrays of devices with capital and revefuragls. As a requirement
for the award of the funds, the developer is catéch to follow a “Wave and Tidal Energy Device Benfance Protocol” and
apply methodologies and recommendations concerfiagmeasurement of the resource and performanessasent of the

devices ([5]).
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-In 2006 the Irish Government launched an Oceandsyn8trategy ([6]). As part of this activity Sustable Energy Ireland (SEI)
and the Marine Institute established a 1:4 scan@ea test site in Galway Bay. Access to thissiéstis subject to compliance
with a number of safety and operational criteril.d&vice designs, including mooring and instatlatprocedures are subject to a
mandatory independent structural sea worthinessi@van process before site access is offered. iWittis frame the University
College of Cork has proposed a scaling protocolviave energy devices that schematises the develdpofiea wave energy
technology in four phases, each one with a defseade and specific aims ([7]).

-In 2004 EPRI (Electric Power Research Instituta)lighed a report, which attempted to assess tmahitity of wave power “to
provide efficient, reliable, cost-effective and enmmentally friendly energy supply”. They describeneans whereby a range of
devices could be assessed to be ready for fulegeating or requiring further R&D to be resolvédseries of reports have been
also produced concerning wave and tidal resoursesament and methodologies for power estimatiarfiorpeance assessment
and cost accounting ([8]).

-Since 2003 the European Marine Energy Centre (EME&S been publishing and disseminating severdt gratocol with
recommendations and standards on several issuesrbative and tidal energy. Particularly detailedhie work on resource and
performance assessment but a lot of material hes ladéen collected about design, manufacturing, goidnection, safety
requirements and environmental impact assessniint ([

-In 2002 Det Norske Veritas (DNV) started work dwe Guidelines for the Design and Operation of Wavergn Converters
([20]), under the Carbon Trust Marine Energy Chajke The guidelines are based on those developemtter areas of marine
operation, with similar challenges, but with sondagtation to meet the specific needs of the mararewable sector. A
certification framework, OSS-312, identifies thegugements and process of certification. OSS-31#édsised both on safety
aspects and functional requirements. The final deou has been issued in October 2008.

-In Denmark a four-stage evaluation process forancenergy devices requiring independent scrutinga@h stage has been
developed. Proof of concept tests must be perforimeah independent laboratory; power output musé$tenated at laboratory
scale against specific “standard” sea conditiorferbethe deployment of a prototype device. At estage results are required to
be reported in a standardised way ([11]).

-The European Union’s Sixth Framework Programmeo@tinated Action on Ocean Energy (CA-OE) operatecthf2004 — 2008

it investigated the RD&D needs of ocean energyreldyies in a structured fashion. The CA-OE broughgether the majority of

the industrialists and academics involved in treeagch and development of the ocean energy saadheough a programme of
workshops identified current practice adopted fug tlevelopment of wave and tidal energy and idedtithe barriers and
research challenges requiring to be addressedder do bring wave and tidal energy technologiesh® market. From the
stakeholder engagement undertaken, it also detivitse European RD&D Tidal Energy Roadmap ([3])

-In January 2005 the UK Energy Research Centreestablished to coordinate energy research in the Wkhin the Future
Sources of Energy Theme a road-mapping plan fom@amnergy has been carried out: Reviews of exjstiternational Marine
Energy Technology Roadmaps have been carried adt,aa original UK Technology Roadmap for Marine Eyeis being
prepared ([12] and [13]).

-The Sustainable Power Generation and Supply tnéigSUPERGEN) is a large, collaborative progranohessearch based on
the assembly of research “consortia” which has haekling the large challenges of sustainable pogesreration and supply.
([14]) The Engineering and Physical Sciences Rete&ouncil (EPSRC) has earmarked £25M of fundingrax five-year
programme. Under this umbrella, the SUPERGEN: Manogram has been awarded £2.6 million to condes¢arch into
marine energy conversion and delivery. The workdBaborative with The Robert Gordon University,iffstirgh University,
Heriot-Watt University, Lancaster University andehclyde University. Twenty national and interoatl marine energy and
electricity supply companies have also agreed talworate in the research. Work completed in SuperBhase 1 has enhanced
understanding of the extent and nature of the reargsources, how extraction of energy modifies tlegburce and its
environment, and has pointed to how technologyddel developed to enhance the effective exploitatioenergy. During the
lifetime of Phase 1, a selection of developersrhased from concept to prototype development angl ltlis identified specific
needs for further fundamental research. UKERC amge&5en Marine Phase 1 organised numerous natomhinternational
meetings of the stakeholder community to agree &b Roadmap, and to develop Protocols on behalfhef DTI for open sea
testing and performance evaluation.

A key point to understand is that all of these apphes have been developed in response to speedids and cover limited areas
of the evaluation and deployment of devices. Jpimtith several other contributions from other resbaactivities, these
documents provide, however, an important backgroand framework for future research on standard guoces and
methodologies.

The present document tries to structure and anahysenformation and identify key concepts andesia for different areas in
marine energy. This work represents a global resaftigese different previous contributions. Theeatiye of this analysis is the
identification of the current gaps in knowledge datlire technology direction and requirements. rhwlvement of EquiMar

partners and external stakeholders will be crueitilin this scope.

An investigation on the current state of the knalgke of the marine renewable sector and the mosbrieamt technological
challenges to be addressed has been carried duhwiie UKERC roadmap definition ([15]) through exies of interviews to
experienced researchers in marine renewables vgpiikirfour different UK institutions. This study hédentified the lack of
physical validation data and understanding of tlawevand tidal resource as the most recognizedirgxigaps in knowledge. A
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majority of the responses has also showed agreeoeniffshore devices development and power takedeffign as two
important areas on which further research shoutttentrate to make a step change forward.

1.3 ONGOING INTERNATIONAL RESEARCH PROJECTS

Research in marine energy is being carried outireral institutions in Europe and in the world.h8laigh many projects are
based on specific concepts and technologies, séfore leas been recently dedicated to the constitutif international consortia
for the development of contents with a larger sth@aeeognition.

Table 2 General resume of the ongoing international re$eprajects

Project Year Scope Status
(organisation)

IECTC 114 2007 Development of international standards for ava®ngoing. The activities are being focused on the

(various and tidal technologies involvement of the partners in the process
institutions)
WAVEPLAM 2008 Establishment of methods for analysis of no@ngoing
(various EU technological barriers to marine energy
institutions) development
CORES (various 2008 Development of new concepts and componefitsgoing
EU institutions) for wave energy convertors
SUPERGEN 2006 To increase knowledge and understanding @figoing
phase 2 (various device-sea interactions of energy converters from
UK institutions) model-scale in the laboratory to full size in the
open sea
PRIMaRE 2004 To be a world leading institute that providedngoing. The activities are directly linked to
(Un.Exeter, Un. integrated multi-disciplinary expertise in MarindVave Hub, a new wave farm being established
Plymouth, Energy Research, Development and Innovation ten miles off the North Cornwall coast
SWRDA)

Several research centres and private companiesnaodved at the same time in many of these projdatslitating the
establishment of a community of stakeholders thates similar needs and often demand solution foilai problems. EquiMar is
a project that was conceived within this frame dmrme other current research activities involvingiltar partners deserve to be
mentioned:

-The International Electrotechnical Commission (JECthe world's leading organization that prepamed publishes International
Standards for all electrical, electronic and relatiechnologies and is establishing a new commiffé: 114, Marine Energy —
Wave and Tidal Energy Converters, to develop lratgomal Standards for wave and tidal energy teadmo([16]). Standards that
will be developed by the new grouping of expertfi waver the performance of tidal and wave energgwerters, how these
converters will plug into electricity grid systenasyd how they should be tested.

-The WAVe Energy PLAnning and Marketing (WAVEPLANpyoject has been started in 2008. Its purpose detelop tools,
establish methods and standards, and create amslitb speed up introduction of ocean energy dmoBuropean renewable
energy market, tackling in advance non-technolddiaariers and conditioning factors that may aride=n these technologies are
available for large-scale development, by meana séries of activities geared towards supportiegt@sn of an ocean energy
market ([17]).

-CORES (Components for Ocean Renewable Energy rgste an FP7 European collaborative research girfgeusing on new
components and concepts for ocean energy convéfi&. The project will concentrate on the deyeteent of new concepts
and components for power-take-off, control, moosingsers, data acquisition and instrumentatiorethasn floating OWC

systems. However, the components and conceptsapmewill have relevance to other floating devigpes. This project will

run for a 3 year period, having commenced in Ap8i08. The new components and concepts will bedestea floating OWC

test platform at sea and these real, validatedvarifled results will be integrated into a holistigstem model. This model will
provide a Toolbox for wave to wire simulations ofaplete WEC systems. The Marine Institute Galway Best site is location
for the field test of the project. The Ocean EneBgipy hull will be used as a test platform.

-The SuperGen program has started its second [h@887. The research priorities proposed in SuparMarine Phase 2 build
on experiences and questions arising from earlycdetests, the deployment of prototype devices, UKERC R&D road-

mapping and DTI Protocol processes, and the outsarhthe original work programme. Phase 2 of ttegpamme includes work
on: device arrays and how these will influence llecal regional environmental conditions; radicadida approaches, which take
into account new philosophies of design guidanosugng that numerical and physical design supigocbnsistent and robust;
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the challenges posed by design in mixed tidal aagewenvironments; system control in complex noedmand evolving
environments; the complex challenges posed bydixmooring and recovery of marine systems; the @i challenges posed
by the variable and intermittent nature of the mariesource; the sparse information available ¢dipt and assess the long term
reliability of marine energy systems and how aneased understanding of all of these issues cdrestedisseminated within the
stakeholder community

-The Universities of Exeter and Plymouth have fadntbe Peninsula Research Institute for Marine Redev Energy
(PRIMaRE). With an initial pump-priming fund of av€7.3 million from Southwest Regional Developmégency (SWRDA),
PRIMaRE has enhanced its intellectual researchcitgpthrough the appointment of twelve new acadestaff and a major
investment in capital equipment and infrastructt®@IMaRE is directly linked to Wave Hub, a new wdamem being established
ten miles off the North Cornwall coast. This willopide a unique facility to evaluate arrays of wawergy conversion devices to
generate power to the National Grid systé?RIMaRE is managed through a board consisting pfesentatives of the two
universities and SWRDA ([19]).

It is expected that the work undertaken within HugiiMar project will receive beneficial inputs fraime results of these different
projects. The enhancement of contact and commumichetween the partners should aid the developamhiestablishment of a
common recognized framework for marine energy dgweknt.

1.4 THE EQUIMAR PROJECT

Figure 1.1 EquiMar project work package structure.

The EquiMar project is funded by the European Cossion as part of its 7th Framework programme utfteeEnergy topic. It is
a collaborative research and development projectiing a consortium of 23 partners and will rum foree years from the 15th
of April 2008. A list of the partners involved is/gn below:

The University of Edinburgh (UEDIN), United Kingdom
Fundacién Robotiker (TECNALIA-RBTK) , Spain
University of Strathclyde (UOS) United Kingdom
Electricité de France SA (EDF SA) France

EU Ocean Energy Association (EUOEA)Belgium
University of Exeter (UNEXE), United Kingdom
University College Cork (UCC), Ireland

Wave Energy Centre (WAVEC), Portugal

The University of Manchester (UniMAN), United Kingdom

CeNoOr~WONE
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10. Southampton University (SOTON),United Kingdom

11. Institut Francais de recherche pour I'exploitationde la mer (IFREMER), France
12. Consiglio nazionale delle ricerche: Istituto di S@nze Marine (CNR-ISMAR), Italy
13. Det Norske Veritas (DNV),Norway

14. Teamwork Technology (TT), The Netherlands

15. Pelamis Wave Power Ltd (PWP)United Kingdom

16. European Marine Energy Centre (EMEC), United Kingdom

17. Wave Dragon (WD), Denmark

18. Uppsala University (UU), Sweden

19. Sea Mammal Research Unit (USTAN)United Kingdom

20. Scottish Association of Marine Sciences (SAMSYnited Kingdom

21. Feisty Productions Ltd (FPL), United Kingdom

22. Aalborg University (AAU), Denmark

23. Actimar (ACTIMAR), France

The aim of EquiMar is to deliver a suite of prottsctor the equitable evaluation of marine energgvesters (based on wave or
tidal energy). These protocols will harmonise tegtand evaluation procedures across the wide yaokedevices presently

available with the aim of accelerating adoptiorotlgh technology matching and improved understandinipe environmental

and economic impacts associated with the deployroératrrays of devices. EquiMar will assess devitesugh a suite of

protocols covering site selection, device engimggdesign, the scaling up of designs, the deployrotarrays of devices, the
environmental impact, in terms of both biologicalc&astal processes, and economic issues. The plotaill be developed

through a robust, auditable process and dissendirtatéhe wider community. Results from the EquiNtapject will establish a

sound base for future marine energy standards.

The activity within the project is structured thgbuthe definition of ten different Work Packagencluding the project
management), each one covering a specific pahteoptoject with specific objectives. Six of themRP@/ WP3, WP4, WP5, WP6
and WP7) are mainly focused on technical issues] V¥Rntended to build a knowledge base for maenergy systems, WP8
will deal with the synthesis of the protocols ahd brganization of the documentation while WP9 fatius on dissemination of
the project activity through the wider communitynddly WP 10 will include all the coordination ancamagement issues.

A scheme of the structure of the project is givefigure 1.1.

1.5 WORK PACKAGEL — KNOWLEDGE BASE FOR MARINE ENERGY SYSTEMS

The work package 1 (“Knowledge base for marine gynsystems”), led by ROBOTIKER-Tecnalia, aims atding a knowledge
base for marine energy systems with respect tthalbreas covered by the EquiMar project. Throbghanalysis of the relevant
pre-existing information in the sector of marineegy and other similar industries it will providaportant guidelines for other
technical Work Packages. It will also be importémtcollect impressions and needs directly from stekeholders that will
address future work.

The objectives of this Work Package can be sumemrhiigto three main tasks:

-Task 1.1- To analyse results from previous National, Eeapand International activities in the field ofqrormative research
for marine energy. A global analysis report will the outcome of this task: “Global analysis of pormative research activities
for marine energy”.

-Task 1.2- To identify lessons learnt from other sectorhjol can be applied to produce harmonised testiagegssessment of
marine energy extraction devices. This task witidqurce the report: “Recommendations from other sgtto

-Task 1.3- To understand and take account of explicit dialders’ needs and practical constraints for matghiifferent system
designs to various marine environments. For thgpgre a consultation of key stakeholders will beied out. Different active
and interested parties in marine energy, such eslajgers, investors, certification bodies, powestriiutors and policy makers,
will be invited to contribute through a questiormeaio determine needs and constraints.

This report constitutes the principal result of flist task. It presents a general list and analg$ifundamental references for a
preliminary database for assessment of marine grsyggems.

This list includes mainly reports and protocolsustrating methodologies, recommendations and goetelfor the design,
deployment and performance assessment of the demsveSome scientific papers, whose content waeveel to be of general
interest and application, have also been inclutteslas intended to recover information which isggseric as possible since the
results of this work are expected to be applicébigny kind of marine energy device rather thaa specific class of them.

It has to be said, however, that, due to their naaheanced state of development, wave and tidaggréevices were almost the
only ones considered here, although much of therimdition reported might be useful for other kinfleimerging marine energy
technologies.
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This report is intended to provide an importantuinio the other Work Packages of the project arssipty to other stakeholders
not directly involved in EquiMar even if it is naimed at the presentation of any original resuttinnovative technology. All the
information contained in this document was obtaitiedugh a preliminary compiling and comparingatyi therefore the reader
interested in acquiring deeper understanding of panticular subject outlined in this report is ahd to consult the cited
references.

1.6 STRUCTURE OF THE REPORT

In order to improve clarity and the comprehenstbis report has been subdivided into differentisest which focus on different
technical subjects.

Marine energy is a largely multidisciplinary fieldhere competences and knowledge from several differesearch areas are
needed. The choice of dividing the collected infation into different subsections, depending onrtbentent, will allow experts
from different areas to easily find information eeant to their own field. Furthermore, the sectiaefined below are
corresponding somewhat to respective work packaghén EquiMar, helping to relate the contents e future work that will
be carried out.

Physical Environment and Resource Specification

In this chapter, all the relevant pre-normativeeegsh regarding marine environment specificatiolh me addressed. We will
consider mainly documents referring to the assessoifethe environment as an energy source rattar tlesign condition for
load and structural estimations. This is due todiwmsideration that much of the standard procediaresave and current loads
calculation can be found in offshore engineerirntgréiture and norms and will be part of the conteihtDeliverable 1.2
“Recommendations from other sectors”.

Here the analysis will be focused on the resoussessment and description in order to estimatpaker produced by marine
energy devices and the different methodologiesmardmeters commonly used to represent the enesgynee of waves, tides
and currents.

Concept Appraisal, Device Modelling and PerformaAssessment

This section will focus on existing procedures amethods in order to model marine energy device \alidiate concepts and
preliminary technological choices. It will also pide background on existing recommendations fofgparance assessment
techniques. This fundamental step in the developroEa converter is usually taken both with numalriand physical testing.
This chapter will address both cases.

Sea Trial Testing and Full-scale Design and Depleyin

This chapter schematises the existing backgroufainration on general procedures and methodologiesadlvanced marine
energy devices that are going to be deployed ihses conditions. The subject will cover not ongrfprmance assessment and
measurement but also recommendations on desigesissul practical requirements.

Policy Issues And Environmental Impact Requirements

This section covers information relating mainly tmn-engineering issues in marine energy. It wiltu® on existing
recommendations about permitting and licensing gaaces and environmental impact requirements.

Economic Assessment of Large Scale Deployment

This chapter will deal with cost accounting techusig and economic assessment procedures. The itifmnmacovered will be
mainly aimed towards evaluating the profitabilifynoarine energy.
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2. PHYSICAL ENVIRONMENT AND RESOURCE SPECIFICATION

2.1 INTRODUCTION

Environment specification is perhaps one of th&t find most important phases that needs to be agiprd when a marine energy
project is developed.

Before any technology can be successfully instaled obviously necessary to define the feasibation and identify with
accuracy all the relevant physical parameters Wikitaffect the behaviour and performance of thevide. Any preliminary
evaluation of the performance, profitability andooptunity of the deployment requires a detailedlysis of the energy resource
of the area of installation and needs this analtysise performed using recognized parameters afhigues and translated into
results that can become input for the device perdoice assessment procedure.

Even though wave and tidal phenomena are oftereleded and many general methodologies could baetkffor both, the
specification of the resource for wave and tidaérgy devices is quite different in each case amskdan a rather distinct
theoretical and practical approach. Moreover, the typologies of device present usually differeghamics and operational
conditions and it could be argued that, on manwasions, feasible locations for wave energy deployrdéfer from those suited
to tidal devices.

For all these reasons, the analysis of the exiginegnormative research in this subject will beasafed between wave energy
resource assessment and tidal energy assessment.

2.2 \WWAVE ENERGY RESOURCE ASSESSMENT

Table 3 Existing guidelines and protocols for wave enemgource assessment

Author/Institution Title Year Content
EMEC The Assessment of the Wave Powegl008 A general set of procedures for wave resource
Resource (DRAFT Guideline Standard) estimation, including suggestions on measurement
instruments, models and data formats
WERATLAS group WERATLAS 1997 Atlas of European wawmergy resource. The

approach is based on WAM numerical models

DTl The Atlas of UK Marine Energy Resource 2004 assessment of the UK resource. Methodology
and suggestions for the compilation of resource

database
Saulnier and PontesGuidelines for Wave Energy Resourc2006 General outline of wave energy assessment
(INETI) Assessment and Standard Wave Climate parameters. Proposed standardised approach for

resource representation

Wave modelling and climate specification has beeesaarch subject for decades. A large amountiehtfiic literature can be
found and sophisticated approaches have been addregarticularly because of the requirements cgrfiiom the ship and
offshore structures industry.

A comprehensive mathematical analysis of the wawesof the underlying physical phenomena can badan several books.
Two good reference books that summarize the theemnd waves and provide with a consistent explanaif spectral models
and parameters have been written respectively logkdru([1]) and Goda ([2]). Another general textbomkh an extensive
description of the WAM modelling approach is theedsy Komen et al. ([3]) while a guide freely avhil on the net is the
publication from the World Meteorological Organipat ([4]).

The specification of sea states is distinctly difft. This is because the sea state at a giverigno$s a random process consisting
of effect occurring in time (from minutes to daym)d over spatial scales from small to large (lagaheration up to seas
propagating from considerable distances). This lead to a wide range of specific sea states, pdatly with regards to
magnitude, frequency content and direction. Thistban be radically modified by the site speci@ometry, particularly the land
masses and bathymetry.

Under the simplest approach, waves are usuallesepted as time series of the elevation of thesgdace. Considering samples
of a defined duration (typically between 20 andn@@utes), they are usually assumed to represetatiiarsary stochastic process
and this allows to apply spectral frequency donaaualysis.

Spectral models are nowadays widely used and apiaienany fields in ocean engineering. Theoreticatiels can be defined for
simulation purposes as well as for collection apgresentation of real sea measurements and sestmedcteristics and
information on the sea states can be given by éeuf spectral parameters, mainly based on thistatal moments. It is useful
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to make a distinction between short-term statistissially based on the spectral representation|camgdterm statistics, which are
statistical data referring to the occurrence ottjpdparameters over a long period (months orsjear

The assessment of the energy resource of a sitkeface performance estimation generally depertdbeasimplest level, on two
parameters: the significant wave height)(bihd the energy period T These data are usually represented in a sadittgram,
which represents the joint frequency of occurresicthese parameters within a particular period lagidht “bin” at a given site.
This representation, usually determined by real smemments, often requires the assumption of a m@ted spectral shape
(generally Bretschneider) to be useful for energlguations and provide with an easy methodologycfimparison of different
sites (for example considering a specified waveg@ndevice).

There is not yet any established standard for vpeweer calculation and resource estimation, howethés, kind of approach is
widely recognized and understood by most of thestigers and researchers. The mathematical definitfidchese concepts is
outlined in several documents. Saulnier and Pohteg& produced a report named “Guidelines for Wawner@y Resource
Assessment and Standard Wave Climate” ([5]) wittiie Wavetrain Research Network group, in which mhathematical
formulation and derivation of these parametersedl defined and described as well as its relatignstith the wave power. A
useful source covering both frequency and time doenparameters is given by the International Assomiaof Hydraulic
Engineering and Research (IAHR [6]).

Another important factor to be taken into accoumtirty the resource assessment is the directioheofvaves, especially if the
device to be deployed is sensitive to this paramétgart from considering the mean wave directioreg by measurements, a
typical approach is to define a particular spechoainulation that accounts for the energy spreadilugng different angles or
sectors.

The definition and application of directional spacis still subject of research since several notielve been proposed and no
agreement has been reached on the most efficientVidark on this issue has been done for years ®@yARR and an extensive
summary of the various available methods and foeinulation is found in [7].

Other effects still under research and that maeeonsistent influence on the assessment argapeandwidth (the way the
energy is distributed over frequency) and wave gimy (the presence of groups of waves travellirgetber). There is not yet
agreement on how to model and represent these ptegrao Information on spectral bandwidth parametansbe found again in
[5] and in a more detailed fashion in specific doemts such as [8] and [9], while an interestingoieitiction to wave grouping
estimation with an outline of the methodology pblsto be used for the individuation of the wavewps, based on the Hilbert-
Huang transformation, has been given by De Bettemaat al. ([10]). Other references treating exiesly wave grouping are
represented by scientific papers like [11], [12B]} [14] and [15].

On what concerns the wave power resource assessinargite, however, a preliminary draft guidelgtendard ([16]) has been
produced by the European Marine Energy Centre (EMHEGis document firstly gives a brief outline addscription of the

measurements required and the type of tools nege@aoys, Acoustic current profilers, radars) andeneral definition of the
principal spectral and statistical parameters atiarzing the wave energy resource. Also, a glgivakpect of the principal
known wave models and a brief explanation of thee for wave power estimation together with soneemrenendations on the
kind of information that should be included in aod are given.

A brief review of wave measurement technology hasnbdone by Pitt ([17]). In this reference, fowrhieologies (HF radar,
ADCP, satellite measurements and wave buoys) anfengiost used for wave measurements are analysedoanpared. Wave
buoys are ideal for site measurements, providingdgaccuracy and data at typically half-hourly intds. However, they are
prone to loss or failure and continuous recordsiofe than a couple of years are rare.

Satellite altimetry has the benefit of world-wideverage and long records, although the data ateabpand temporally sparse
(typical spatial separation 200km, interval betwgmsses 20 days). The technique provides measuteroért; that are
documented to be of similar accuracy to wave byeys Krogstad and Barstow [18]). Furthermores ipossible to derive the
energy period Jto a useful resolution of around 1 second; eseématay then be made from the annuahhtl T, scatter diagram
of the energy that a given WEC would produce (Msaaal [19]).

Wave climate database for several geographic lmtdtave been generated through the use of diffenemierical wave models.
A result of this activity has been the implememtatof global atlases. One remarkable result wasWieRATLAS, whose
standard procedure for the assessment of the waargyeresource off the Portuguese coast, using@dast approach can be
found in [20]. WERATLAS [21] is a European offshomave energy resource electronic atlas developéuméan EC contract
that can be purchased by contacting the Instituagidhal de Engenharia, Tecnologia e Inovacdo (INEMww.ineti.pt). It
contains a wide number of annual, summer and wingae climate and wave power statistics for 85 ysoaff the Atlantic and
Mediterranean coasts of Europe. It is based mastlyresults of the well known numerical wind-wave deb WAM [22]
implemented at the European Centre for Medium-Rakigather Forecasts (ECMWEF, Reading, UK).

Another work specifically directed towards powetiragtion for extraction purposes is the Atlas of Warine Energy Resources
([23]), whose technical report includes an outlifie¢he methodology utilised to describe the resewaned some recommendations
on how to compile and maintain a reliable marinergy database.

Finally, a mention should be made about the prdposa the use of standard wave climates that coefitesent large
geographical areas through assembly and statistiedy/sis of wave data. One interesting and origirak made on this subject
is the master thesis of Burger ([24]), which deaith the attempt of designing and producing a statidorocedure to define
theoretical wave scatter diagrams using one sifiglee, the power level, i.e. the estimated averagalable power per meter
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wave crest at a certain location. The ultimateltés@ numerical tool that generates theoreticatter diagram, based on the Ochi
lognormal bi-variate distribution.

2.3 TIDAL ENERGY RESOURCE ASSESSMENT

Table 4 Existing guidelines and protocols for tidal energgource assessment

Author/Institution Title Year Content
EMEC Tidal Stream Resource Assessme008 A comprehensive reference including detailed
Standard analysis of many aspects of tidal resource
assessment

DTl The Atlas of UK Marine Energy Resource 2004 assessment of the UK resource. Methodology
and suggestions for the compilation of resource

database
Hagerman and Methodology for estimating Tidal current2006 Application of a simple method to the estimainf
Polagye (EPRI) Energy Resources and Power Production by tidal resources in North America. Useful for
Tidal In-Stream Energy Conversion general preliminary resource analysis

(TISEC) Devices

SEl Tidal & Current Energy Resource in Ireland 200A general work using existing sources to
investigate the tidal potential in Ireland. Not yer
detailed and with approximate analysis but useful
for preliminary estimation

Compared to waves, the tidal resource is more yegsitdictable and reliable. Typically, at a largeale, a database of
measurements for tidal ranges over a period ofmaeth is sufficient for a good prediction coveriting entire life of a device.
The estimation of the resource is usually basestlfiron direct measurements of tidal elevations/@ndurrent velocities.
Afterwards a harmonic analysis allows distinguighivetween different components and eventually defim sample mean
month for power evaluation.

A comprehensive treatment of the gravitational dsfcmeteorological effects and bathymetrical inflies which drive tidal
currents can be found in Pugh ([25]).

The European Marine Energy Centre (EMEC) has maiiiqly available a draft standard ([26]) schemiatisthe steps and the
different methods to perform a tidal stream resewassessment. Firstly it gives a structured susidiviin stages for a project
development and then it deals with the informatadfnthe specific converters required for a resouassessment (as it is
demonstrated that the presence of power extradéngces influences the upstream current speed)thdnamportant aspect that
is treated is the bathymetric survey with speaificommendations on this case and a good refererathér recognized standards
(IHO). Tidal ranges have to be provided and cafobad for many locations in specific documentatiwavided by public marine
research institutes or oceanographic centres. ake for a defined location may possibly be deribgdusing commercially or
freely available numerical software packages. Alarity the ranges, current data should also be geali Some descriptions of
practical, environmental and permitting constraiat® briefly shown while afterwards detailed reccenoations on the
estimation of current speeds by means of numenmalels are given. Particularly useful is the intiara of the grid resolution
suggested for each stage of development. Such seHelld be calibrated and validated through m4sieasurements. The data
analysis section provides also an outline of theagwlation process from one typical month to agkrmperiod. The final sections
also deal with the estimation of the annual powepuet of an installed device and of the extractalergy from the site. Some
considerations should be given, in this case, ®itiluence of power extraction, especially consit tidal farms, on the
available resource. A consistent list of refererregmrding numerical hydrodynamic models is givetha end of the document.

A bathymetric survey is necessary for a detailesbuiece site assessment. A bathymetric databasp ([ an available free
package to visualize the data and a grid resolufambout 2 km, is constituted by the General Batétyic Chart of the Oceans
(GEBCO).

When a detailed analysis of the resource is neéated global estimation of the annual power proauGtthe characteristics of
the device and the type of extraction mechanisnulghioe known. This is mainly for an adequate estiionaof the cross-section
area of the channel but also with the aim of beatedining the influence of the energy extractiontba channel flow parameters.
Bryden et al. have shown the consistence of tiiéxewith simple approximated models ([28], [29HdB0]).

There are several hydrodynamic models and codesdea to calculate and forecast flow conditions aetbcity currents at a
particular location (some of which are availabletio@ Internet). This kind of approach is ratherassary when the assessment of
the resource comes to the detail of a specifiedtios and definition of the positioning and spacofghe devices comes into
play. In this case the velocity profiles have dtsde extrapolated for different depths and atedifht points of the grid, using as
comparison and/or as boundary conditions the vajissn by real measurements. A sample of a possitége of numerical
hydrodynamic models to estimate and define thd sigeeds time series at a specific site and areifit points of a grid has been
given by Blunden and Bahaj ([31]).
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Other research activities in this area have focusedhe estimation of the available tidal resouateglobal regions with a
definition of the most suitable geographic areaglfvice deployment.

In 2006 Hagerman and Polagye ([32]) have redactedEPRI a general report that resumes several loasicepts about tidal
energy and focuses on the estimation and assessifridet resource in North America. It gives linksinternet database for tidal
elevations and currents as well as to softwargpfediction of tidal current speeds. The methodolaggd for the mean annual
energy resource calculation at different sitesrespnted along with the explanation of a simplehogt(based on the Bernoulli
equation) for the extrapolation of the velocity files time series to different channel sections.eStimation of the power output
given by an approximated turbine farm is given.

Another reference on these issues is representeh liyteresting report ([33]), issued by SEI (Susthle Energy Ireland), that
evaluates the tidal energy resource in Irelandguaivery efficient methodology. The estimation led resource starts from the
calculation of the potential through computationaddels and real measurements. Afterwards, a sefiégschnological and
practical constraints progressively reduces thesevadf the viable potential down to the selectionsefren possible sites
quantifying in 0.915 TWh/year the viable annualrggethat could be produced in 2010, correspondeat2% of the Irish global
electricity consumption.

Concerning the UK, fundamental work has been cduwigt within the preparation of the Atlas of UK Nfsg Renewable Energy
Sources ([23]). The website includes some sampia describing tidal resource for the UK. The techhreport includes an
outline of the methodology utilised to describe tbgource and some recommendations on how to cempd maintain a reliable
marine energy database. Bathymetric informatiogiven for the sea surrounding the UK coasts. Tha @& the tidal resource
are based on different numerical models dependinthe site location (2D models such as NEA and @S3D like HRCS that

gives results for a 1.8 km grid resolution). Sordditonal description of important and involved aaneters is provided at the
end of the technical report.

A question that has raised consistent debate imettent years concerns the interaction betweemacisvaves and tidal currents
as well as the understanding of the effect of thges on device performance and structural loadiggme. There is evidence that
the induced motion beneath surface waves can peosigaificant cyclic loads on the blades of a mamarrent turbine ([34]),
and influence the power output from the machinepddeling on the site exposure and the depth of imiomrit may be
necessary to consider wave effects when charaaigtise performance of marine current turbines.

The works on resource assessment previously citedilso often neglected the importance of turbeleffects on marine current
turbines. The presence of turbulence might impffedént conclusions on site assessment. An ingightow to take into account
these phenomena can be found in [35] and [36].
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3. CONCEPT APPRAISAL, DEVICE MODELLING AND PERFORMANCE
ASSESSMENT

3.1 INTRODUCTION

All the emerging technologies have to undertakedirpinary phase of validation and verification thieir performances and
operational principles, usually carried out by nseahreduced-scale prototypes or analytical andpzdational models.

This is particularly true for marine energy teclogies, where a good assessment and optimisatitmealevice is necessary at
the very early stages since real sea tests arelicatepl and expensive.

At present no common practices are adopted to sseesperformance and operational characteristicooceptual and small
prototype wave and tidal energy devices. Even thaagyeral methods and applications exist to agbesseesponse of marine
energy devices, there is no clear understandingeokind of accuracy guaranteed and effort requinggarticular stages of the
modelling and assessment procedure.

Some research has been focused in the past orefinéitidn of protocols for development of marinecegy projects (especially
wave energy) or recommendations on the type of & scaling factors to be used. Mathematicalcangputational modelling
is widely used as a primary assessment tool tafteh relies more on device-specific assumptiortsapproaches rather than on
standard procedures.

Due to the relative difference of the conceptss itinlikely for a unique standard modelling apptogée be identified but some
requirements on the representation and accuratheatsults as well as considerations on the vwalafithe available approaches
can be provided.

3.2 TANK TESTING PRACTICES

Table 5Existing guidelines and protocols on tank testiracpces

Author/Institution Title Year Content
IEA-OE Ocean Energy, Annex Il Report 2002003 Report on methodologies and practices for wave
(Development of recommended practices energy devices testing. Perhaps out-dated: the
for testing and evaluating ocean energy practices are largely based on early-stage devices
systems)
HRMC-UCC Ocean Energy: Development  and003 Global protocol on general development route.
Evaluation Protocol. Part 1: Wave Power Recommendation on choice of the scale, model

structure and other practical issues

EMEC Wave Testing Standards for Tank Testir@007 Not a real protocol. It represents only aedabi
of Wave Energy Converters — Scoping contents to be addressed in the future work
Document v3

University of Tidal-current Energy Device Developmen2008 Protocol on tidal technology development based

Southampton for and Evaluation Protocol five stages with assessment of economical
BERR indicators. It includes a review of concepts and
variables involved in tidal device performance

assessment
Payne (University of Guidance for experimental tank testin@008 Recent work containing information on physical
Edinburgh) (Draft) modelling and measurement techniques but still at

draft stage

Concept appraisal is usually the first step a dgpal is required to consider before the startfogect. It can be summarised as a
phase where a preliminary qualitative and quantgadnalysis of the performance of the device ifqumed.

The proof of a concept can be carried out throuéferént approaches: typically the simplest and tmekable way is to conduct
a series of physical experiments on a small-scaldaeln For marine energy converters, this is usuddige in tanks or channels,
where environmental conditions can be simulatdietppropriate scale.

There are a relatively large number of laboratawilities fit to ocean energy testing in EuropeeThternational Energy Agency
(IEA) issued a report in 2003 ([1]), that includesist of the principal wave tank and laboratorgiliies located in the countries
belonging to the IEA-OE by the publication datehnat detailed description of the dimensions and luidipes.



Workpackage 1 EquiMar D1.1

Testing procedures are generally specific for dabbratory and there is no standardised practicentarine energy converters
tank testing. The IEA report, however, provideshwatbrief introduction to scaling rules and wavedeiting, with a description
and explanation of the typical parameters usedhferwave representation and description and afsetpoesentative sea states
recommended for laboratory testing of the convert€he main part is devoted to the definition aforamended experiments for
wave energy converters. It is suggested to testi¢lvece to different kind of spectrum (Pierson-Mosiz and JONSWAP) and
to consider directionality if required by the pautiar type of device. For instance the influencehef wave period is tested using
PM spectra while JOWNSWAP representations are fesdohndwidth and spectral shape. Suggestionslsoggaven for duration
of the tests (60 minutes in full scale) and forestbonditions to be tested for design loads (sucfatigue and extreme waves).
Another chapter is dedicated to measurements, avithief explanation of different power extractioeehanism and the kind of
quantities and units involved. Some informatioth@ligh brief and not exhaustive, is also providedeal sea prototype testing.
A general procedure for performance assessmenbiimdisation based on a preliminary cost analysal$o given. Much of the
information contained within this report is based the principles defined by the Danish Wave EndPgggramme ([2]) run
between 1997 and 2001 and most of the guideliresecifically directed to wave energy converterettepers rather than tidal
devices.

The Hydraulic Marine Research Centre (HMRC) of theversity of Cork has produced a development araduation protocol
([3]) in 2003, mainly devoted to the definition @fstandard procedure for the development and cautery assessment of wave
energy concepts and projects but including sewve@mmendations on tank testing and modelling phoees. The protocol is
based on similar procedures defined by NASA and us®ther engineering research programmes andnggly focused on the
design and optimization of the device rather tharmther important issues such as resource assesdivemses and permissions
and others.

The strategy is divided in five main phases:

-1. Validation Model: This first stage is aimedtla¢ simple proof of the concept and for this scjoigésmall-scale (1:25 to 1:100)
simplified models can be used in order to easegdmand modifications aimed at optimisation. Thderent steps within this
phase can be distinguished: Concept Verificati@rfd?Pmance and Response, Device Optimisation

-2. Design Model: A medium scale (1:10 to 1:25) elod tested in order to define the behaviour ahare realistic PTO
mechanism. The accuracy of the model, intendedoas gepresentation of the expected prototype destigruld be proven by
naval architecture analysis and preliminary extrevage tests and mooring response analysis shoytétbermed in this stage.

-3 Process Model: The recommended scale for théselis between 1:3 and 1:15. In this case two gptioe feasible: a very
large-scale testing facility or a sea trial bengjte with natural weather conditions adequate ® dbvice scale. This is the
moment when actual PTO and mooring components ededbed more realistically.

-4 Prototype Device: Provided with realistic perfiance data and a detailed estimation of manufactwdsts and maintenance
requirements, the choice for a full-scale prototgbeuld be made now, assuming that the previoukiaien has come to a
positive result. Grid connection should be inclu@dtene point although not strictly necessary m first steps of the prototype
testing.

-5 Demonstration Device: The final phase that willme after having proven the effectiveness andbibliy of the full-scale
prototype. Electricity sale and grid connectionl & an important issue at this time.

The information on each phase includes also estmaif the required budget and of the kind of measents, tools and
components that might be required for each steprél'ls also a general outline of the kind of corapsgimulations that should
accompany the experimental modelling.

Even though much of the recommendations could msidered valuable for other kind of devices, it hase said that the
HRMC protocol cited here refers to wave energy eoters, particularly of the floating type.

A similar work has been recently carried out falaticurrent devices by the Sustainable Energy Researoup (SERG) of the
University of Southampton, under commission of th€ Department for Business, Enterprise and RegojaReform. A main
result is a draft protocol ([4]) based on a staggpproach for technology development with al witdive stages and gates.
Stages represent development activities and geggzoint of evaluation of those activities.

The whole process was broadly based, as for thequ®case, on the approach defined for the TeclgydReadiness Assessment
(TRA) developed by NASA to manage the developméniechnology as part of the space programme, bngadtown a system
into subsystems and components each to be develogedumber of stages. The ultimate goal at etadfesof development is to
assess whether the production tidal-current endegice is technically and economically viable, witbreasing certainty at each
stage. The five stages, described by flowchartsiwihe document, are:

-Theoretical and computational studies

-Scale model testing in an intermediate sizedifgcil
-Scale model testing in a large facility

-Full scale prototype testing

-Demonstrator testing

The protocol includes a background descriptionrevipus published guidelines and similar worksslinteresting to note that
one of the claimed aims of this protocol is thehtedogy assessment based on cost-effective andetoal efficiency analysis
with the definition of minimum threshold performanealues to be reached for progressing to the gubs¢ stage. This is
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perhaps an approach more oriented to investorsiilittbs rather than the previous references cltefbre, whose end-users were
expected to be device developers and the reseanchanity.

The European Marine Energy Centre (EMEC) is alstking on standards for testing of wave energy caeve in tanks. A draft
document ([5]) has been already disseminated lvapiesents a general outline and structure ofutuee document and does not
contain yet any specific recommendation or indarati

The University of Edinburgh has produced guidameeskperimental tank testing through the SuperGanimd consortium. This
document [6] is at late draft stage and discusbgsigal model considerations (e.g. scaling), mesment techniques and wave
generation methods.

3.3 DeVICE MODELLING.

Table 6 Existing guidelines and protocols on modelling noelitiogies

Author/Institution Title Year Content
McCabe (Lancaster An Appraisal of a Range of Fluid2004 Report on existing commercial fluid modelling
University) Modelling Software software packages with details on the capabilities

and the limitations of each tool. Gives a good
overview of the availability but does not analyse
the applicability to marine energy sector

Another possible approach for concept proof andmpation of the device is the mathematical and ercal modelling of its
dynamics and interactions with the environment.

Due to the existing differences between the variomscepts, neither standard theoretical assesspneoeédures nor globally
applicable computational tools have been identifeedvave or tidal technologies.

Marine energy technologies can be categorised dipgron the operating principle responsible of ¢inergy extraction. Wave
energy technologies are usually divided between:

Oscillating Water Columns (OWC)
Overtopping Devices
Wave Activated Bodies

Tidal stream devices are instead classifiable im §poups:

Horizontal axis systems

Vertical axis systems

Variable foil systems

Venturi based systems
The assumptions and approaches used to model é#ltis &ind of devices are generally different anijht be device-specific
even inside a defined category.

Some common modelling bases, however, can be ftakidg into account the interaction between theveoter and the sea,
which is modelled under the same assumptions ierateases.

Main references for the modelling of marine enedgyices are the books from Newman ([7]) and Fadting8]). Fundamental
theoretical and analytical results for wave endigye been given by Falnes ([9]). The modelling ahsntidal technologies can
also be linked to marine propellers technology J).10

Theoretical formulation for loads and motions ofrima energy converters are available only for sengéometries and flows.
With the constant development of more and more pmlveomputers, numerical computation of these gtias has become
consistently quick and reliable. In the recent ggaany commercial computational codes have beeagetl for the simulation of
fluid phenomena.

Within the SuperGen programme, McCabe publishe@df@4 an analysis ([11]) of a list of different commmial computer
packages that can be used for the calculationeofahds and the motions of the bodies composingnmanergy converters. It is
an interesting study that focuses on the diffecaqtabilities of every package but lacks a detaileahparison of the results and
the accuracies that each of the software providesifigle cases. This reference distinguishes mtwgdrodynamic analysis and
CFD software, giving also a brief outline of thedinetical background on which these packages aedbat is, however, not
clear which type is usually needed for which apglan and whether hydrodynamic and CFD programsbeansed for the same
practical device in different phases or, for ins&@rfor different scales.

Typically for floating wave energy devices the hgdlynamic analysis is based on the potential flosoti and linear water wave
theory with the subsequent definition of properrdagynamic coefficients for the estimation of thevedoads. These coefficients
can be found in literature for simple cases butracee usually computed with the use of Boundaryrielet Method software
packages, such as WAMIT ([12]) or AQWA ([13]). Tlstimation of the performance and the analysishefdynamics are
carried out through two different types of apprazcHrequency-domain and time-domain methods. ©hadr is relatively easy
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to implement and is based on the assumption odilinelationship between motion amplitudes and lokds usually applied on a
preliminary modelling phase when a quick evaluatba configuration is needed. The latter makesafisghe Cummins equation
([14]) and allows non-linear models with the po#gipof taking into account a detailed Power TaR#-representation and a
complete wave-to-wire model. There are severalscabewing the application of these tools in literat(see [15] and [16] for

examples) but, although some general procedurelstinégdefined, the results and outcomes of thesksare dependent on the
device considered and on a series of assumptiansrtight have a different impact on each case hektis no explicit reference
to any standard guideline or recommendation. Arstigation on the suitability of different time-dam formulations applied to

marine structures under a general approach was giyd aghipour et al. ([17]).

For extremely severe wave loading, the assumptidrisiear wave theory on which these models aredase not valid and
nonlinear wave models are required. Although dedaguidelines are not yet available, a comparidamaxelling tools for this
purpose from the Plymouth University (with experitad validation against heaving bodies and the rRiglawill be available in
2009.

The choice of the adequate modelling approach appeabe, therefore, still strongly dependent am tdrchnology considered.
The same applies to other types of wave energycds\such as OWCs for which the numerical modekipgroach is usually
similar to the one applied to floating devices (§&8]). Different approaches are required for ocoppting devices for which
characterisation relies more on physical modelfing tank testing.

Some developers, like Pelamis ([19]), have defimednternal procedure for numerical model testirilp whe usage of internally
developed and commercial codes.

Concerning tidal current turbines, a lot can berled from the technology transfer from wind turlsirand ship propellers: The
basic performance of a marine current turbine, dikeind turbine, can be modelled satisfactorilyngdblade element momentum
(BEM) theory (see [20]) but many uncertainties due to the account for turbulence effects in umstdbow conditions ([21])
and the possible interaction with surface wavesmastioned previously related to resource assedsriiée sensitivity of
performance and loading of marine current turbiteeshese effects has been subject of recent stgiels as the one from
McCann ([22]). However, much of the ‘generic’ wark horizontal axis tidal stream devices concerrendpaded horizontal axis
device (such as MCT) while enclosed blade-tip devigCleancurrent, OpenHydro, Lunar, etc) have veddiess attention.

Structural loads can often be computed throughusee of existing commercial software developed fibreo marine industry
sectors. One such case is represented by ORCAF[E3})(a software package for time-domain analgdisffshore structures
including cable dynamics, particularly suitable foooring and riser design. Other commercial progexist (MOSES [24] and
OPTIMOOR [25] for example) but all of them have bedefined for different applications and cannotetakto account the
influence of mooring on power extraction and aeré¢fore not very flexible for marine energy devices

3.4 PERFORMANCE ASSESSMENT OF THE MODEL

Table 7 Existing guidelines and protocols on model perfarogaassessments

Author/Institution Title Year Content

Hagerman and E2I EPRI Specification: Guidelines for2004 Outline of the classical standard procedure to

Bedard (EPRI) Preliminary  Estimation of  Power produce estimation of power production of offshore
Production by Offshore Wave Energy wave energy converters based on specific location
Conversion Devices climate. Generic but easily applicable

Hagerman and Methodology for estimating Tidal current2006 Methodology of power estimation for tidal @nr

Polagye (EPRI) Energy Resources and Power Production by devices rather analogue to the one applied to wind
Tidal In-Stream Energy Conversion turbines.

(TISEC) Devices

Smith and Taylor Preliminary  Wave  Energy Device2007 Outline of requirements for performance

(Heriot-Watt Performance Protocol assessment detailed on records and reporting
UEDIN for DTI) format. Methodologies and recommendations for
power estimators but does not point to a specific

procedure
University of Preliminary Tidal Current Energy: Device2007 Outline of requirements for performance
Edinburgh for DTI Performance Protocol assessment detailed on records and reporting

format. It accepts the wind analogy as assessment
technique but does not address the problems of
waves and turbulence effects

Performance assessment is the principal criterortife evaluation of a marine energy converter ptediminary stage of the
design.



Workpackage 1 EquiMar D1.1

Comparison and selection of different conceptsmggdes and components is usually carried out tinahe estimation of the
expected produced power, although a basic quaktaitonomical assessment should be consideredifi@ireginning.

Methodologies and procedures applied for the assmss should be usually uniform and very well spedifto avoid
misinterpretation and controversy.

This is particularly important when different tectogies are being compared for an investment dmtisi

In this section we refer to general procedurep@&formance assessment, considered from the matieah@oint of view. Some
different recommendations are given for devicespen sea testing, whose performance assessmeedpres are described in
the next chapter.

Few studies on quantitative comparison and analysisiarine energy devices have been published. dRefsers from EPRI
(Electric Power Research Institute) have publishedport in 2004 ([26]) that illustrated an assessnand evaluation of different
concepts and wave energy devices based on a mitdtii® analysis. Although somewhat outdated, thethodology there
outlined is interesting and useful.

The criteria considered were: technical issuesi¢iire, power take-off, mooring, survivability, grintegration, performance,
operation and maintenance, deployment and reccealydesign tools), cost (the estimation of it cantdaced also in another
report), device developer criteria and state applity (includes design advantages and disadvasjadhe screening of the
developers was performed in order to find the mueetiure technologies for comparison and was basedsuoinvey.

Subsequently the technologies were compared baseda possible deployment scales: a 1500 MWh plant and a fully

commercial 300000 MWh power plant. The implementatiocation was assumed to be a reference stati@regon and the
power production estimation was based on captudéhwdata provided by the developers. Out of eigimsiered technologies,
only one was believed to be acceptable, at itestégevelopment, for application in a pilot plant.

Costs and technical difficulties were also evaldateough specific methods, to be addressed iméé sections. The procedure
applied to estimate the power production in thigore was described in another document ([27]),es@nting an outline of the
classical standard procedure to produce estimatfopower production of offshore wave energy coremsrtbased on specific
location climate. The typical parameter used fovicke performance was the capture width ratio (jcalty the capture width
divided by the width of the device) while the walata were represented by means of the significameweight and peak period
scatter diagram. This can be considered as an abterdard procedure, although, as it was mentiomeélde previous chapter,
most of the wave energy developers usually préfeuse of the energy period instead of the peakdgher

EPRI defined guidelines for power estimation oftidevices also in the already cited report ([28])tidal resource assessment.
Tidal turbines performance is generally represemtitd a power curve dependent on the current vilodihe produced power,
proportional to the cross-section area and theageecof the cube of the velocity, will be zero belwetermined cut-in speed and
will not exceed the rated value for the turbine witlee speed exceeds a rated value. The methodidagyher analogue to the
one applied to wind turbines and software toolhsagGarrad Hassans Bladed have been adaptediyd@pjdal devices [29].

The UK Department of Trade and Industry (DTI) igsire 2007 two preliminary protocols on performam@ssessment for wave
([30]) and tidal energy ([31]) devices. These pcols outline a series of requirements and operatiorbe fulfilled to apply for
funding to the Marine Renewable Deployment Fund DR In order to receive the capital expenditurestipport installation
and further revenue support during generationptrormance of the devices should be measurederwtded as described in
this document. The specifications refer to openmseasurements but guidelines on the mathematipetsentation and reporting
of the performances can also be found in two acemryipg documents.

A supporting commentary on wave energy devices])[8arifies the reasons for some choices and fiffecwties behind the
definition of some measurements and gives an istieige explanation of the usefulness and the liwitthe power matrix. It has
to be noted, in fact, that more power matrixes khbe created for different bandwidths and direwidies one way being the
generation of matrices for maximum, minimum, averagd standard deviated power production.

A feedback from developers on the protocol forltelgergy has also been produced ([33]): It is #g&ng to note that the wind
analogy for the estimation of the resource anddgf@ition of a “power curve” has been widely acepby the participants to
the process. Concern has also been expressedirggtrd fact of not taking into account the likétypact of the device on the
local underlying resource. There is also some douthiow to consider the effect of the waves (waweent interaction) on the
device performance.
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4. SEATRIAL TESTING AND FULL -SCALE DESIGN AND DEPLOYMENT
4.1 INTRODUCTION.

After several scaled-models and validations ofddwecept and of the various design choices, evernijnmanergy converter needs
to be tested in real sea conditions to prove itauritg and its feasibility for commercial exploita.

The open sea environment determines an unavoittzgsdef control on the testing and evaluation pdoces particularly on what
concerns the energy flux input, which could beueficed by natural random causes, which are sonwtiotecasily predictable.
This means sea trial schedules and analysis mdtgide must be very carefully planned and rigorpusillowed if the
performance and behaviour of the machines are tehbfied and improved under real operating condii

Since the environmental conditions will be possidyy close or even the same as the ones considetlee preliminary plan, the
selection of components and the detailed desighetonverter should be defined at this stageudict technical aspects such
as manufacturing and reliability. On-board safetguirements have also to be taken into accounténconstruction and
maintenance of the device.

No internationally recognized standard has beedymed yet in this field but a lot of effort has betedicated to this area in the
recent years with some consistent protocols beidgighed and making reference, for particular tédinissues, to existing
standards for offshore and wind energy industrynfentioned before, Det Norske Veritas (DNV) hasdpiced, in collaboration
with the Carbon Trust, the Guidelines for Desigil @peration of Wave Energy Converters which provigaidance on how
existing offshore standards may be applied to §ipeareas of wave energy converters. DNV has atadesl a certification
process which is defined in the document OSS-31Blighed in October 2008). The International Eletetchnical Commission
(IEC) after the formation of Technical CommitteeC)T114:Marine Energy — Wave and Tidal Energy Converthes defined a
work plan on the assessment of performance of \wwaeegy converters in open sea.

This chapter addresses existing guidelines for ehgineering of marine energy devices and all tHateé aspects to the
measurement and assessment of the performancerinsep.

4.2 HFERFORMANCE ASSESSMENT IN OPEN SEA

Table 8 Existing guidelines and protocols on open sea padoce assessment

Author/Institution Title Year Content
EMEC Performance Assessment for Wave Energ@®05 Comprehensive list of recommendations for
Conversion systems in Open-sea Test performance assessment including annexes on
Facilities theoretical basis. Quite general. It does not aw@rsi

device and site variability

Smith and Taylor Preliminary @ Wave  Energy Device2007 Outline of requirements for performance

(Heriot-Watt Performance Protocol assessment detailed on records and reporting
UEDIN for DTI) format. Similar approach of EMEC on use of power
matrix.
Swift R.H., Performance Assessment for Tidal Energ008 Recommendations and requirements for
ABPMer (EMEC) Conversion systems (TECS) in Open Sea performance assessment of tidal devices. It relies
Test Facilities on the wind analogy for power curve

representation. Not taking into account waves or

turbulence.

University of Preliminary Tidal Current Energy: Device2007 Performance assessment requirements detésled a
Edinburgh for DTI Performance Protocol on instruments placement and reporting format.
Includes suggestions for resource assessment within
the deployment site. It accepts the wind analogy as
assessment technique but does not address the
problems of waves and turbulence effects

The primary objective of sea trial tests is the sueament and assessment of the power performanttee afevice. Data are
sampled and collected in order to characterizebislgaviour of the system and eventually compareiti wrevious results
obtained numerically or with small-scale models.
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In recent years, several developers have beenimgroyt open sea tests of their technologies ifediht sites. In some of these
places, through the support of local and regiomalegnments, facilities and research centres haes Ipeirpose-built to test
marine energy device and have started to applyifgpkacally developed procedures and practices.

4.2.1 Wave energy conversion performance assessment

The European Marine Energy Centre (EMEC), basedrkmey, UK, was the first institution established this purpose and is
consistently involved in standardization process rfrine energy development. In 2005 it issued aft dstandard ([1]) for
performance assessment of Wave Energy ConverteEC8Mwhich is the current reference document fedBC working team.

This standard consists of a procedure for measuhagower performance characteristics of a silgleC and applies it to all
WECs of whatever technology, situated in open seé eonnected to the electrical power grid. The powerformance
characteristics are based on the estimation ofs@sured power matrix and the annual energy primfuct

Within the document detailed guidelines on différieaues are given:

-Test conditions: A meteorological station and thipmetry survey have to be provided for the sitetual sea-state data should
be measured by a wave-buoy and the collected Hatadsallow the estimation of the directional spest. Sea-states should be
represented on a scatter diagram. The effect oflistance of the wave measuring device from the W€ to be taken into
account.

-Test equipment: The net electric power of the WERall be measured using a power measurement d@oeeer transducer)
and be based on measurements of current and valtegach phase. Current streams and sea watetydessations should also
be taken into account (values for the toleratedertamties are given) and the status of the coawestiould be continuously
monitored.

-Measurement procedure: Recommended data sampliags of at least 2 Hz. Selected data sets skaliased on 30-minute
periods. Corrections of the data for tidal streaghoeity should only be attempted when clear emgirievidence is known.
Corrections for seawater density should be to rdstal of 1025 kg/f Distinction for wave direction and uni- or bimddgectra
should also be made whenever a device sensitidzgotionality is tested.

-Derived results: The measured power performandefised based on the “method of bins” with a wheght increment of 0.5
m and a period increment of 1.0 second. A simphglsi power matrix can be used anytime that the Wi&E@Got sensitive to

direction or the directional spectra characterssto not vary significantly at the test site. Wharpower matrix is defined, the
annual energy production can be estimated. If teasured power matrix does not include data up te@ffuvave height and

period, the power matrix shall be extrapolated fithin maximum measured wave height for a given perlopower coefficient

can also be defined through the determination af frarameters (absorption length and sensitivityfrémuency). Such

coefficients can be estimated also by means of fittii®) to the results for each bin.

-Reporting format: A brief description of the expet report format, including a general scheme chesection, a list of the
figures to be included and the kind of informatiequired.

-Annexes: These contain additional information, eesly technical background to wave spectra andescription of the
assumptions made in order to compute a generic powtput for a survey of the Orkney site. Therals an interesting short
appendix that describes the power estimation fraweameasurements procedure.

As mentioned before, the UK Department of Trade laddistry (DTI) issued in 2007 two preliminary ppobls on performance
assessment for wave and tidal energy devices,idgfaseries of requirements and operations talfidefd to apply for funding
from the Marine Renewable Deployment Fund (MRDF).

Under the wave energy protocol ([2]), the devicealleper is expected to provide several documentsiglthe whole extension
of the project. Firstly, prior to the commencemagigbal project information on the physical natafethe location and the
information on the placement of the devices andrtfeasuring instruments is needed. Then, continueaxe recording and
monitoring of the produced power should be carpetl Sea state and average device performancedsheutomputed every
half-hour period. The cumulative records of thesasures should be collected in a report and delivevery year.

Many guidelines and recommendations are similathéoones defined in the EMEC standard: The prdajgormation should
include an assessment of the bathymetry, mean diagetion and tidal ranges, deployment plans amatlons, the declared
performance in form of a power matrix and also sseasment of the influence of the device under sfhectral parameters (such
as bandwidth and directional spreading).

Concerning the measurement of the resource, thepitbcol suggests utilising a half-hour period deeraging quantities. The
power densities and other quantitative parametees aalvised to be computed based on a frequencyidosEectrum
representation. The wave measurements should e div a wave-buoy. Details are given on the sarnptpuency and also on
the kind of parameters to be included in the report

General indications of power to be measured (outdattrical power), type of transducers are alsovided and it is
recommended to record also an independent meaktire energy drawn from or delivered to the gridbenchmarking.

Here as well are given indications on how to repofdrmation in deliverables and even sample redaliles are shown as
example.
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4.2.2 Tidal energy conversion performance assessmen

EMEC commissioned to ABP Marine Environmental Reseaalso a standard for performance assessmentdaf Energy
Conversion Systems (TECs). The latest version ({Byvides a means for measuring and auditing theep@erformance of
single TECs of any type of technology. It is inteddo be applied to the prediction of the absghaeer performance of a given
device and to the assessment of the differencgeiformance between various configurations of TB@d is structured in a
similar way to the WEC case:

-Test Conditions: It is recommended to perform enyraetric survey of the test site and an analysth® seasonal migration of
currents. Guidelines on the position of recordimyides is given (10 minutes is the maximum resotutime suggested). A
harmonic analysis is recommended to define a mimrofi20 current velocity constituents.

-Test Equipment: The net electric power should leasared by a power measurement device (transd&egification for tidal
recording device accuracy and recommended errergiaen.

-Measurement Procedures for TECs Device Performahlse minimum measurement period necessary fomitiefia of the
performance shall not be less than 15 days. Selelztta sets shall be based upon 10-minute perixdged from the contiguous
measured data.

-Derived Results: Power available is calculatednfitbe kinetic energy active across the power cepanea calculated through a
time series of the measured current speeds. Therpmwwve constitutes a plot of the power productesord against the incident
current resource and is to be derived applyingntle¢hod of bins to the current velocity data. Probthe convergence of the
power curve should be given through the cumulatgesentation of power curve calculated alongyesiay. Another parameter
to be estimated will be the power coefficient. Bxpected Annual Energy Production (AEP) shall bioked by combining the

power curve with a frequency distribution of vetgdor the site.

-Reporting Format: This is a brief description lo¢ texpected report format, including a general sehef each section, a list of
the figures to be included and the kind of inforimatrequired.

In the DTI Tidal Current Energy Device Performafretocol ([4]), two separate procedures are spakifboth including field-
based measurement program, data analysis methguahahstandardised reporting format: one aims fmel@ methodology for
resource characterization and the other one spsdafimethodology for characterising the devicegperdnce:

-Procedure to characterise the local resource:l Tigients can be reliably predicted based upombaic analysis. A 30-days
continuous record prior to device deployment iseptable for meeting the requirements of the MRDesee. It is suggested to
measure the current resource using an Acoustic BogpD) device. Recommendations on the maximunorsriand on the
positioning of the device are given. The data sthddve a 10-minute resolution and recognized haicnanalysis methods
should provide harmonic constituents.

-Procedure to characterise the TEC device perfocmanvelope: The main output of the device perfocaanalysis should be a
power curve produced using measured in-situ dadeaarassessment of the annual energy producecetigdhity. Again, an AD
device is used for the incident resource measurerfrdormation on the suggested placement of this ig given (two options:
one on the device or two up- and downstream). Tlasurement of the power is based on the approaghesied by
corresponding standards in wind turbines and isegdly measured using a power transducer basedaluess of current and
voltage on each phase. Use is made even in thesafahe concept of power curve, represented biptaop the power production
(y-axis) against the incident current resource m¢r-axis).

4.2.3 Demonstration schemes.

Within the frame of the MRDF program, the DTI aissued two documents ([5] and [6]) defining a desti@tion scheme and
describing the actions to be taken in order to wapplthe MRDF initiative. The first part introducéise scope of this policy,
focusing on the need of additional funding for tharine renewable sector to bridge the gap to a @naially viable stage. This
document defines then a series of requirementstedlisfied in order to reach the approval for fineding and a list of the
eligible costs and projects. Importance is givemtmvative projects with significantly differerédhnology. To be eligible for an
award any device should have been demonstrateé@ve performed continuously for three months at sdalating design,

performance and cost of the project.
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4.3 DeVICE DESIGN AND SELECTION OF THE COMPONENTS

Table 9Existing guidelines and protocols on device desigad selection of components

Author/Institution Title Year Content
DNV Guidelines on design and operation of wav#005 Detailed section on design process and evafuat
energy converters techniques.  Recommendations on  material

selection, fatigue analysis and general hydraulic,
electrical and mechanical components. Information
based on existing standards

Germanischer Lloyd Guideline for the Certificatimi Ocean 2005 General document on design procedures and
Energy Converters. Part 1. Ocean Current assessment. Recommendations are given on
Turbines (draft) material selection, structural verification anddea
calculation. Extensive reference is made to
Offshore Wind standards.

EMEC Draft Standard on basis of design of marir#08 Schematic approach with specific recommendstio

energy converters and reference to existing standards
EMEC A (draft) standard for — The Grid Interfac008 Guidelines for interfacing marine energy devic
of Marine Electrical Generators Installation with electricity networks. Reference primarily
made to British standards and wind experience
DNV DNV OS-E301: Position Mooring 2004 Guidelines anooring design aimed at general

offshore structures. Does not take into account
specificity of marine energy devices

The deployment of a prototype in real sea requlregefinition of several technical and engineedetgils.

In this phase, the design of the structure andséthection of the material have to be carefully gsead considering reliability and
economic requirements.

Moreover, several additional components, such & Bduipment or foundations, have to be definedthed influence on the
device performance needs to be taken into accohit wower connection to the grid requires the rd#din of electrical cables,
instrumentation and control systems.

Due to the similar environment, marine energy tedbgies share many common requirements with offslmtustry and for this
reason many recommendations and standard defintbisifield could be successfully applied to magmergy technologies after
suitable modifications to reflect the differencetle consequence of failure and the ongoing “profiowever, as said before,
networks aimed at standardization and certificatbmarine energy converters have been createattgand it is likely that in
future years an internationally recognized standardiesign and operation of marine energy conventdll be defined.

Survivability of the devices must play a particlyjamportant role. On one hand, the existing off€hetandards may be a safe
approach in the initial technology phase, where théue is of absolute priority. On the other hahdre are two arguments that
justify a considerable review of any existing stambdwhen applying to the marine energy sectom@gting the requirements of
offshore standards might often bring along prohibitcosts and sometimes not be necessary, as betlods of life and the
environmental risk should be much lower. (i) Dwetheir operation principle, certain devices teadr¢sonate and therefore
“seek” naturally the most challenging situation aeting fatigue, mooring and sea-keeping. Furthes, fact of separate body
parts in relative motion to each other might expthee devices, typically surface-floating, to exteefnads from e.g. breaking
waves. In some cases, common principles of wawetstre-interaction or other assumptions for shipplatforms might not
simply apply to wave energy devices, but have tacémefully reconsidered. Among other WaveNET ([li§ns, a review of
theoretical, experimental and field work for difet wave energy devices with particular focus amwvigability issues was done
(B4 - Loads and Survivability—Wave and current laBbign criteria based on measured data at existagr plants and other
coastal structures).

4.3.1 Design process.

One important protocol, commissioned by the Carbarst and carried out by DNV in 2005, defined adgline for wave energy
converters ([8]). Indeed, due to the similar depieyt conditions, much of the content of this docohwuld be easily applied
also to tidal energy converters.

The objective of this Guideline is to provide imertation and guidance on the application of existiodes and standards (mainly
from industries such as Offshore and Maritime) tvevenergy conversion (WEC) devices and shouleha in conjunction with
the Standards, Recommended Practices and otheméotsi referred to in the text. The standards rete@ generally guide the
user to choose the relevant safety level. Thus tiaeybe used for critical and less critical appit#s as far as they are relevant
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for wave energy devices. This document providedange on concept development, design, construatidrife cycle processes
to contribute to the reliability of the wave deddbroughout their in-service life.

All the standards referred to are widely used lopgiry. A list of the relevant DNV Offshore StandeOSs) and Recommended
Practices (RPs) referred to is given in the refeeen The document covers different technical requémts and is particularly

directed to certification and qualification proceelst Qualification may be defined as “the procdgsroviding the evidence that

the technology will function reliably within speflimits” and can be structured in a systematiprapch easily applicable to

new or existing technologies.

Within the Guideline evaluation techniques and apphes are presented. One interesting example lis=\Management, a
management tool used to ensure that value objesctve met through the application of various vahenagement methods.
Value management can be applied to products, asimedels, organisations, etc. For example, whisttsgy an alternative
energy solution, many different economic factorl e considered to justify a certain developménice a particular product or
concept is selected, there are many ways to ewathatdesign, manufacturing, operation and mainemaf the equipment to
meet the value objectives. Typical techniques ielValue Engineering and Life Cycle Analysis.

Other important suggestions concern the selectiomaterials like steel, concrete and composites safdty coefficients for
design calculations. Load coefficients for moorgygtem analysis and methods for the foundatiorgdesie presented, although
reference is made to DNV standards for offshonecstires.

A section on the electric and mechanical equiprgérgs a brief outline and description of the whed¢ of components that may
be included in the energy conversion chain withstamt reference to international standards. App@&sdgive also a technical
insight of specific issues such as fatigue analysithods and considerations on air-turbines antbgges.

Within its standard project, EMEC has also receptlplished a preliminary draft standard on desigmarine energy converters
([9D).

This document provides a general step by step go&ldor design of marine energy converters. A fiistinction is made
between the proper converter components (e.g. gemergearbox, hydraulics etc.) and the structuras (foundation or
moorings, housing, case etc.). It is useful tod@he of the recommendations outlined in eacha®cti

Operational conditions: Failure Mode and Effect W& (FMEA) is very important, description of degiand of all the
principal issues (working principle, equipment, ralsdand methodologies for maintenance and decoriumisg),
definition of the design life
Environmental loads: Important for the estimatiohtle loads, necessary bathymetry and/or coastabg@aphy
information (see environment specification refee)owith analysis of its influence on device parfance, estimation
of wind loads (API spectra formulation is suggested other might be accepted), estimation of cusremd waves,
definition of design loads and conditions (it atgees a table of requested probabilities of ocawresfor the kind of load
to be considered)
Loading considerations: A brief list of general remvironmental loads to be considered (static gjiesn by weight,
variable due to the presence of personnel, ac@tldoe to collisions or failures), the annual phuibgy of a substantial
failure should not be more than 0.001%, a tableugfested safety factors for the design of compsrismiven.
Fatigue Design considerations: Minimum design fatigife is 20 years, a table of the fatigue loadisimation methods
and their applicability is given in tab.2
Harmonic Response: Natural frequency response nbightequired for some devices but it should bedmabiin other
cases, such as tidal devices
Materials: concrete, structural steel (with coroosprotection), bronze, stainless steel, compogdasbon fibre might
accelerate corrosion of adjacent metals in searyvate
Corrosion Protection: general recommendations,ngivues for annual corrosion rates of the stemlosion factors
should be taken into account also for moorings
Floating Structures: the safety requirements fas¢éhdevices are less strict than for the case ip6 sir offshore
structures because they should work almost alwaysanned.
Marine Renewable Energy Converter (Electrical anechvinical Design): reference to standard equiprfzenivhich
several international normatives can be found, rfeeémergency safety systems, recommendationadonatives for
liquids or gases kept in pressure, also recommenator pipes in flexible or rigid material
Instrumentation and Control Systems: importancéhefsafety monitoring and the fail-safe design, Avalysis is
required.
Cable Connections to Shore: they should be startdahuhology with proven years of satisfactory ssvi

Deployment retrieval, maintenance operations aacbiohmissioning could also influence the choiceshim design process,

particularly if it is considered that the cost bétdevice might be strongly affected by these facto

In 2005 Germanischer Lloyd has produced a drafudmmnt on certification of ocean current turbinel0[], mainly based on
previous existing recommendations for the Offshwiiad sector defined by the same GH. It distingusshetween different steps
in the design assessment (A-, B- and C-design sisset) depending on the current state of the tdoggpdqwhether it is at a
prototype stage for test operation or already ebmmercial phase) and it allows therefore differigpies of certification with
different validities based on this distinction. Tdh@cument covers extensively principles and mettioddesign and construction
but it remains quite general and does not give ipemdications on relevant parameters (such as, dxample, safety



Workpackage 1 EquiMar D1.1

coefficients). Remaining sections on performandectacal and mechanical components make referéacether guidelines
defined for offshore wind turbines and lack a catianalysis of the specificity involved in congideg current turbines.

4.3.2 Grid Connection.

Grid connection is an important aspect in the desifjthe device and could have a significant impactthe cost and the
maintenance requirements.

Recommendations for this issue are also foundandferences previously cited.

DNV Guideline ([8]) points out that dynamic umbdicconnections from the wave device to the seabilldbe exposed to
environmental loading due to currents and directeMaading as well as forced motions of the flogtwave device and that the
static and dynamic response characteristic of thkilical is similar to other compliant slender stiures applied in the offshore
in industry (e.g. flexible risers, hoses and cdntimbilicals). Such structures may have a pronodnunlinear global response
characteristic. It should be expected that possim@-linearities are strongly system and excitatigpendent. Marine
environment and underwater connections shall pebfgibe commercial off-the-shelf type approved piaid with known quality,
reliability and performance.

The EMEC has produced a draft standard ([11]) $ipably for this theme.

This document defines some requirements to bellédfi These requirements take the form of a nunddesutput electrical
parameters that must be taken into account dutiegadverall design phase of the generation instatiatThese electrical
parameters are established by the Network Opeaatbrusually depend on network structure/topologyygy capacity, Interface
Point and any other issue the operator may consiédevant. Because of their unsteady and variabl@our renewable energy
installations may be given additional constraintese severity may be expected to depend on thait & penetration into the
given grid. When a small set of generation unit€asnected to the network, the connection schemesislly regarded as
distributed generation: power is supplied alonglttenches that link the network main nodes (lamegr plants) to the loads. On
this topic a lot of work has been done for windrggesystems and it may prove useful for marine gynewith large farms things
change substantially, as the Operator may reghegilant to contribute to grid stability. On whahcerns complementary issues
such as protection and safe operation of electeigaipment at sea, general standards apply.

The document provides some guidelines for the fatérg of marine generation installations with athelectricity network but it
has limited applicability to a connection voltagent below 132kV and to Great Britain.

The following topics are analysed:

- Electrical parameters:

o Frequency: standard and exceptional operation tiondj reference value is 50Hz;

0 Voltage range and control for both enduring requigat and occasional service;

o Power Factor control; unity PF is usually requestéariable speed generators achieve the requiremard

power converter while constant speed machines ynoedtt on capacitor banks connected in parallel.

o Power quality:
Harmonics emissions: although voltage harmonicodisin has been a non negligible source of
concern in the past, nowadays it represents a nigsoe. Constant speed generators design should
ensure sinusoidal voltage waveforms, this may imgpdyne low-pass filter connected in parallel;
modern variable speed drives equipped with IGBT growonverters hardly inject any relevant
harmonic into the grid;
Voltage unbalance;
Flicker or voltage fluctuations: depending on theersgth of the grid connection, the resulting power
fluctuations can result in grid voltage fluctuatiahich, in turn, can cause a wide range of unddsire
annoyances such as bulb brightness flickering. &isting grid harmonics at the Interface Point must
be taken into account. The issue is of major camcespecially for wave energy generation
installations: without short-term energy storagetsjnpower fluctuations may be unacceptable in
weaker grids.

- Protection; guidelines may be outlined as follows:
Protect the marine generators form electrical faaitd overloads within the device and from thecgffe
of disturbances caused by the electrical infrastinecof the network;
Protect the electrical infrastructure from interfaallts
At this stage of development, marine generatiotaltaion are not expected to contribute to grabsity, hence marine
generators are quickly disconnected in case of fguidt. Circuit breakers represent the most ativacbption, passive
protection systems such as fuses instead are nouraged since they need to be replaced afterng@f&shore units
may be difficult to access for maintenance.

- Earthing: follow standard procedures for both onrstand off-shore infrastructure
- Electrical islanding: may be done applying the appiate standards.



Workpackage 1 EquiMar D1.1

- Electromagnetic compatibility: may rely on a docuntneroduced by the wind turbine industry.
- Commissioning and Information: prescribed tests tmios performed before commencement of operatiod. Al
information and data concerning the installed eleaitequipment must be handed over to the Netv@p&rator.

It is suggested that pre-design of the generatistailation may be done referring to documents staddards developed by the
wind energy and/or marine offshore industry togetthdth acknowledged standards and regulations femegal electrical
installations. The ultimate design must be disatisgith the Network Operator.

4.3.3 Moorings and Foundations.

The design of moorings and foundations is stridépendent on the kind of device considered. Most®tidal devices currently
being developed are fixed structures installednaitéd depths while a large part of wave energyickssare floating structures
that require a slack mooring system.

In the DNV Guideline ([8]) and EMEC Design standji@]) it is suggested to make reference to exisstandards for offshore
structures, such as DNV standard OS-E301 ([12]rwmdeed constitutes a certified procedure for mngodesign.

In the case of marine energy converters and péatigufloating wave energy devices, however, thierstill uncertainty on the
influence of mooring equipment on the performanicéhe device and ongoing research work is beingentrated on this issue.

A review of possible design configurations was giv®y Johanning, Smith and Wolfram ([13]). In thigper, mooring system
configurations and components from the offshoreigtiy suitable for WEC units are identified. Poksitmooring configurations
for WECs are discussed and it is argued that nlyt station keeping but also the overall performaclearacteristics of the WEC
mooring should be considered in the desigfork on mooring design for wave energy converderd its influence on performance has
also been carried out by Fitzgerald ([14]).

Shoreline installed devices generally have cond@tedations and support structure, and most usi#laigig water columns,
breakwater- OWCs or overtopping devices as the abipgr principle. Devices installed at nearshorel wibstly be gravity
anchored, resting directly on the seabed, or fixcethe seabed. Common energy extraction methodadarshore devices are
OWCs and OTDs, but wave activated bodies are aled.uNhilst the techniques to anchor shorelinesmmde nearshore devices
could follow established engineering proceduresheaffshore device requires an independent dedigaysto ascertain the
extreme environmental loads that must be withstoodi effectively. The moorings for offshore degiage more complex and
interact strongly with the energy extraction metlaodl the orientation of the device to the mean wdikection, for efficient
power conversion.

The paper outlines then the different concepts igdligaused in moorings such as spread mooring®iieay) or single-point ones.
The suitability of each method to wave energy cosioa is briefly considered and some additionallysia of the costs and
selection of the equipment is given.

No information is provided on tidal devices. It da@m suggested that many of the results given befamebe successfully applied
to these devices, especially when to be held fixild respect to the seabed. The case of floatug 8ystems is different since
they may have different requirements from the wavergy ones.

4. 4MANUFACTURING, RELIABILITY AND MAINTENANCE

Table 10EXxisting guidelines and protocols on manufacturmegjability and maintenance

Author/Institution Title Year Content
DNV Guidelines on design and operation of wav#005 Assumes requirements for fabrication andrtgsti
energy converters line with the same for offshore installations.

Describes failure analysis techniques and idestifie
possible risks

Andrew McNicoll, Guidance notes for marine renewabl2008 Guidance notes on general aspects of

Neptune Ross energy systems, manufacturing assembly manufacturing and assembly mainly useful for

Deeptech (EMEC) and testing project definition and supervision. Rather general
and based on existing normative

BMT Cordah for Draft Standard on Reliability, 2008 Defines reliability and survivability requiremts
EMEC Maintainability and Survivability for identifying strategies and covering all the stagks
Marine Energy Converters development. Very general and based on existing
standards. Does not take into account device
specificity
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4.4.1 Manufacturing and assembly

Manufacturing processes are an important issueettaken into account when the feasibility and ecgngrofitability of the
converter has to be assessed.

According to the DNV Guideline ([7]), the requirents for fabrication and testing are, in generaline with the requirements
for offshore installations. However, special coesations should be implemented considering the sscte structure and
equipment during the in-service life, the plannedintenance regime and required reliability of trevide. The particular
expertise required of manufacturers of WEC dewvigifisvary according to the make-up of the devicel grower take-off system
employed. However, suitable manufacturers will beao demonstrate and incorporate similar expegeasnd track record to
enable successful manufacture of the WEC device.

A study commissioned by EMEC has resulted in atdta€ument illustrating guidance notes for manufang, assembly and
testing ([15]).

The design requirements of a marine energy sysidribie particular needs due to the harsh operagimgronment in which they
are intended to be operated. Therefore the docupwpose is to address the project developer tgpthper choices on what
concerns a number of issues regarding manufactuassgmbly and test procedures:

Contract review

Manufacture and workmanship

Welding

Inspection and testing of welds

Assembly

Electrical installation

Surface coating

Factory & Acceptance Testing

- Certification

Though it is unlikely that the amount of informaticontained in the document is enough to give khpigture of the whole
process, the guidelines it presents may be sufiidi enable the project leader to supervise epergess stage and to take an
active role in the dialogue with the companies eseld with the tasks. From the document one may wtteve useful
information to correct or improve the device designthe appendix some example report sheets asepted. The normative the
document refers to is quite exhaustive.

4.4.2 Maintenance and Reliability.

A crucial aspect to be addressed for the developrmEmarine energy technologies is the assessmietiteoreliability and
survivability of the device and its components.

The DNV Guideline ([7]) provides a good analysistud available approaches for failure mode idergifon and risk ranking. A
commonly used technique to carry out such a stodyéw technology is the What-If technique. A cies@ample is the SWIFT
(Structured What-If checklist Technique) methodh@ttechniques are FMECA (Failure Mode, Effects| @niticality Analysis)
and FTA (Failure Tree Analysis) and may also bdiagpmlepending on the project stage.

A typical offshore development risk assessment dautlude the follow category of events (considerashould be given to all
phases during the device’s life: fabrication, illateon, in-service and decommissioning):

» Anchor/foundation failure

* Mooring failure

« Breach of water integrity of compartments or pguént

« Stability failure

* Collision risks

« Interference with commercial and recreationalimaactivities
« Structural failure

« Fishing gear impact

* Personnel risks to operators and to the geneiadip
 Pressure containment failure from hydraulic ogymatic systems
* Electrical failures and shore connector failures

» Seismic events

* Fires

« Interference floating debris with device



Workpackage 1 EquiMar D1.1

By analysing the above failures coupled with thgieeering limits of the device, the consequences loa predicted. The
frequency of failure can be evaluated through $®af reasonable estimates and historical failate.d

A draft standard on reliability issues ([16]) hésoabeen commissioned by the EMEC.

This standard focuses on three areas that arendafental importance to success and should bedsyesi at all stages from
concept to production. These are:

Reliability, and in particular the trade-offs beemecomponent reliability and system redundancyctoeae the required
availability
Maintainability, and in particular the methods afid access for, preventive and corrective maintanan
Survivability, and in particular the opportunitifes avoiding extreme loadings and conditions
Once main factors affecting RMS are individuatbé, document outlines the procedures that may enable

The set-up of a strategy that leads to correcgdesincept

To reduce the risk (risk assessment)

To define RMS targets that if met lead to a viabiergy farm

The definition of appropriate design approaches

Evaluate assurance: predictions against targets
Furthermore the draft presents some method apdtential tools

to achieve significant improvements (from feedbank through change)

to reduce risk (through testing and managing)

example analysis worksheets

example of risk assessment procedure
The guidelines cover all stages of developmentceptual, prototype, pre-commercial and farm stégeording to authors, it
addresses:

marine energy converter developers to demonstraténaprove their converters
project developers to evaluate their projects
investors to do due diligence on their decisions

A crucial point yet to be defined within marine eme ([17]) is the definition of appropriate failumates for components,
particularly if using (i) non-marine components(dy marine components from other industries. Int@i& cases the failure rates
of certain components (say from the OREDA data basght not reflect the way they operate in a wawnergy device (duty

cycle for example).

4.5 S\FETY REQUIREMENTS

Table 11EXxisting guidelines and protocols on safety requeets

Author/Institution Title Year Content
DNV Guidelines on design and operation of wav#005 Outlines expected safety targets for marirerggn
energy converters converters. Requirements are less restrictive than

offshore technologies being these devices
unmanned structures

As normally unmanned structures, the safety lesEM/EC devices must be balanced by consideraticdheheed of the device
to survive extreme conditions, the protection reggliwhile personnel are on board, and the protedfahird parties. Survival
requirements could be directed to protect repuiadioa certain phase of the device developmenbatal/protect the investment
made in the asset. However, it is also importarddfine the safety level considering any possibipdct on fatigue aspects (in
most cases the likely governing factor in the d@sand other deterioration mechanisms.

The DNV Guideline ([7]) addresses several aspetitad to safety issues. According to this refegent defining targets for the
qualification process or preparing the design hasisoverall safety philosophy should be clearbalgigshed covering all phases
from conceptual studies up to and including decassiahing.

Moreover, fire protection should be considered ffootection of personnel during maintenance andecispn activities and
protection of the device during in-service and rteriance. The evaluation of fire protection systemuirements should be
carried out during the risk assessment. Due coratide should be given to health and safety requéngts. Temporary portable
fire detection, portable extinguishers and ventlatfacilities should be installed prior to undértey maintenance work within
the device.

A risk assessment analysis should also includelisgadnd watertight integrity among the relevaatfors for safety.
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S. POLICY |SSUES ANDENVIRONMENTAL |MPACT ASSESSMENT
5.1INTRODUCTION

The deployment and operation of marine energy aterse requires the allocation of a marine area,egdly under state
jurisdiction, and might sensitively affect the pilogd environment and subsequently human and bicébgactivities in the
surrounding zone.

It is therefore clear that no installation is ldgglossible without the preliminary authorizatiop the public bodies in charge.
This consent is usually given on the basis of aiket analysis of the environmental and social ichjpd the technology to be
installed.

At present, there is not yet any European commonguture for the permitting of marine energy corersrdeployment and no
standardised approach has been established torrpedio environmental impact assessment. Uncertaitiityexists regarding
influence and impact of developments on the enwivemt. Projects that are undergoing full-scale destration have been
proposing specifically defined criteria to meet thquirements for authorisation.

5.2PoLICY AND PERMITTING PROCEDURES

Table 12Existing guidelines and protocols on policy andnpiging procedures

Author/Institution Title Year Content

EU Directive on Environmental

Assessment

Impact2003 Requirement of an environmental impact
assessment before building permission. Does not

mention specifically marine energy technologies

IEA-OES Review and Analysis of Ocean Energ006
Systems Development and Supporting
Policies

General resume of supporting activities forinea
energy that includes also funding of R&D and
device deployment

Scottish (SEA) Strategic Environment Assessmer007
Government for Wave and Tidal Energy

Assessment of the Environmental Impacts of the
Scottish Wave and Tidal Energy Plan

Ram B. et al. (EPRI) EPRI DOE NREL — 008 US, Wawaver 2004
in the US: Permitting and Jurisdictional
Issues

Selection of US federal regulations addressing
environmental impact requirements of marine
installations

Environmental legislation requirements for marinergy farms are uncertain in many countries atriosnent. According to the
European Union (EU) Directive on Environmental IrmpAssessment (EIA) (Directive 85/337/CE), all Elémber states must
commission an assessment of the environmental goasees of certain types of projects, including @owstations, before
building permission is granted. Another Europeagislation amending or complementing this directies appeared (Directive
97/11/EC, Directive 2003/35/EC) and has been adoiptéhe national legislation of Member States.

However this directive does not specifically inaducharine energy farms in its annexes owing to tingeat status of this

technology. Nonetheless it is reasonable to suppimeeit will be contemplated in a near future;elibffshore wind energy.

Therefore, it can be expected that EIA based ordiE€ttives will become an essential element fonpiting large-scale ocean
energy schemes. Meanwhile developers have to leated along national laws where possible, but astioreed before, legal

frameworks are still under construction and varymeen countries. UK legislation is, for instanceyrensevere than in Portugal,
the former requires a full EIA for wave energy tdatilities while in the latter, a less demandingcdment (Incidence

Environmental Study) is enough. Another exampl¢hefdifferences is that the expenses for deployiage energy devices are
much higher in Denmark than in the UK. These arstadwn in the article about the Waveplam projeespnted in the last ICOE
conference in Brest ([1]).

Consent processes have been documented for sorificspeojects. Two examples are represented byWaee Hub ([2]) and
the European Marine Energy Centre (EMEC [3]), ihe& built test sites for wave and tidal energyides, and both located in the
UK. The same is expected to happen with other @driast infrastructures, like the Portuguese Ritwte or the bimep, in the
Basque Country.

As a result of the Coordinated Action on Ocean BnéCA-OE), a deliverable on what is called norhteaogical barriers was
released, addressing environmental, economic,ypatid promotion aspects of ocean energies ([4]).

The process is nevertheless more complex for iddati developers deploying their devices, like ia tase of Wave Dragon, a
Danish developer, installed in Wales ([5]).
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A report issued in 2006 ([6]) by the InternatioBalergy Association — Implementing Agreement on @deaergy Systems (IEA-
OES) briefly reviews the types of policy which soppand influence the development of ocean eneggirtology. Common
policies that support many of the technologies ys®l are assessed, including their impact on govemhrenewable and ocean
energy R&D budgets. Market deployment support meisinas are explored and the key policies in indigidoountries are
identified and described. Important consenting emdronmental activities are also described

A review of permitting and jurisdictional issuesated to wave power deployment in the USA has lepared by the Electric
Power Research Institute (EPRI) in 2005 ([7]). Tdweument includes a selection of relevant fedeggllations addressing
potential environmental impact at the project site.

The WAVEPLAM ([8]) is an international European jEct, whose purpose is to develop tools, estabtisthods and standards,
and create conditions to speed up introductioncebo energy onto the European renewable energyeirami is likely to tackle
this issue giving good overview of the policy and permitting prases$ in Member States including best practices.

5.3ENVIRONMENTAL | MPACT ASSESSMENT

Table 13EXxisting guidelines and protocols for environmeingbact assessment

Author/Institution Title Year Content
EMEC Environmental Impact Assessment (EIA2005 General guidelines for environmental impact
Guidelines for Developers at the European assessment. Part of a standard definition program
Marine Energy Centre likely to produce recognized protocols

One of the most important issues identified intretato WEC developments is the necessity of thesdces to be subject to an
Environmental Impact Assessment (EIA). Even thouaghsaid before, this is not strictly necessargvary country, concern
exists about the environment, and the need risdsewelop standards that allow assessing and congpianpacts.

Halcrouw Group was responsible for the publicatdbthe Environmental Statement of Wave Hub ([9]),extensive document
that aimed to accomplish and assess all the patémjpacts of deploying wave energy devices andaijyegy them.

An EIA strategy has been defined also for the waergy Portuguese Pilot Zone ([10]) that focusss ah the importance of
public awareness to limit negative impact percephig the population.

Other recent marine energy projects had to progidéronmental impact specifications to obtain comseThis was the case for
the Wave Dragon ([11]) whose Environmental Impassdssment process has included detailed investigafithe chosen site
(the county of Pembrokeshire in Wales).

EMEC has raised awareness for this issue and writteir own guidelines for developers to take iat@ount when planning to
deploy a WEC or array of WECs ([2]) and has alreandyle efforts to facilitate and coordinate the tlgwment of environmental
standards for the marine energy sector. To date, warkshops have been performed under EMEC codidimaboth with
representation from the EquiMar project.

The project for EMEC standards in environmentaliésshas been temporarily closed in September 20@8,is waiting for
possible future funding. The EMEC project aimsriding experts in the field together and launctstendards.

As output of the second workshop some topics fturéuguidelines to environmental standards haven ligentified as listed
below:

Navigation/shipping interference

Submarine/MOD interference

Marine Archaeology

Fisheries exclusion

Landscape and visual impact

Electromagnetic interference

Underwater vibration

Wildlife collision

Wildlife entanglement and entrapment

Barrier effect (fish cetaceans)

Marine wildlife behavioural changes (underwatersediconstruction
Marine wildlife behavioural changes (underwatersedioperation
Seabed damage/disturbance

Energy extraction

Sediment movement
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Marine energy deployments need an area where rtanga avoided. This will involve in many caseswngpatial planning by the
competent local authorities nearby the marine gnéagns. A guidance on Navigational safety issuas been written by the
Maritime and Coastguard Agency ([12]), which prasda list of matters that should be determinedudltiicg site position, safety
zones, navigation, communication, search and rescue

Fishing activity will be affected by the presendenave and tidal energy devices. Firstly, becauste restriction of use of the
area; installations of marine energy converters$ igtjuire an area on the sea where navigation risialdy prohibited, so spatial
planning will be necessary to arrange new formasaf of the marine area. The British Wind Energyof&ion in cooperation
with the local fishing Associations have writtel@cument with recommendations on how to deal with issue from the start,
the kind of agreements that should be made andesieway of acting in any situation.

Another impact of the installations is the effdwse may have on fish. On one hand, reducing fighiassure could increase the
number of individuals in the area, resulting inendficial effect for fish stocks in the long ter@n the other hand, noise and
vibration could make the fish species move awasnftbe site.

Regarding visual impact on seascape, the targetsée be the assessment of the seascape chafdutee. are also guidelines
about this topic, from the wind energy industry. émg the papers delivered on the subject by thetiSkdtatural Heritage, and
the Countryside Council for Wales is the Seascdmr&tter Assessment ([13]).

To avoid seabed damage while carrying out baselgtedies to determine the environmental impactsersé bodies have
published best practice guides.

The Joint Nature Conservation Committee producedagee on baseline survey requirements while EMB@developed ROV
guidance.

Many authors point at noise produced while instislfaand decommissioning of WECSs, as well as dutirggnormal operation of
the devices themselves, as a great element ofrloiigstoe upon various groups of animals such as,bindsine mammals and
fishes.

Andrew B. Gill, from the Cranfield University, pushed an article ([14]) in the Journal of Applieddtogy, dealing with the
ecological implications of offshore renewable eredgvelopments. His concern is the effect on cbastalogy by noise, EM
(electromagnetic) fields or physical disturbancéhef seabed by piling and drilling, and he conctutiet the extent of the impact
would be proportional to the extent of the disturdzfactor and the resilience and stability oftirget community. In this article,
he pointed out that the impacts would act on a@aaly degraded environment, since coastal areanastly affected by human
activities since long time ago.

COWRIE wrote a whole guidance document ([15]) akibig, focusing on the importance of being awarewhulative impacts
on coastal ecosystems from previous human actvitiat might have been affecting the coast longreethe renewable energy
developments are planned.

5.4 LIFE CYCLE ANALYSIS

A very common tool for assessing the environmeimglact of any product is the Life Cycle Analysishioh characterises the
environmental footprint of a good by carrying outradle to grave study. It focuses on the totatg@nese and the CO2 emitted
in the production of the product throughout its @epment. There are various device developershhat published their Life

Cycle Analysis, namely Wave Dragon ([16]), Seadé]j and Pelamis ([18]).
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6. ECONOMIC ASSESSMENT OFL ARGE-SCALE DEPLOYMENT

6.1 INTRODUCTION

Electricity production from marine energy conversis rapidly developing into an industry. Privatelgublic bodies are putting
research efforts in this area because it is bali¢kat the global market has significant value #ad the sector will soon become
commercially viable. Although many technologies presently being developed, only a small numbetesfices have generated
electricity from the marine environment. From sw@clsmall experience base it is very difficult toiably assess the economic
feasibility of alternative technology options farde-scale electricity generation. With a few nteaxceptions, much of the work
on marine energy costing that has been publishethti® concerns relatively small deployments (u@romund 100MW rated
capacity) and the economic implications of manufacy, installing and operating a large-scale arhaye not been fully
explored. Comparison between individual marine gyeechnologies is therefore not straightforward gotential investors or
policy makers. Although several studies on deeicenomics have been completed, an accepted stampjarolach for calculating
the cost of electricity from large-scale marinerggeorojects has not been developed.

Two of the most widely referenced studies are rsploy the UK Carbon Trust and US Electric Powerdaesh Institute. In 2006
the Carbon Trust published the results of a detatleidy, named Marine Energy Challenge, into th&t competitiveness and
potential growth of wave and tidal stream energy)(in which consultant engineers evaluated thsifglity of eight wave energy
devices and five (TBC) tidal stream devices. Irstheeports the cost of energy from each devicstimated through the present
value approach, wherein the cost of electricitdesermined from estimates of power production, tehgiost and operating cost
and future costs are reduced to their present daywa&ent by application of appropriate discourtesa Different scenarios
(optimistic or pessimistic) were evaluated by cdasing upper and lower-bound cost estimates faviddal device components.
Component cost estimates were provided by engmgeriperts and may have varied between technologiemdication of the
future cost of electricity from marine technologieas obtained by applying learning curves and ef lliscussion is given on the
design processes which could lead to cost reductiba costing methodology used by one of the emging consultants on this
project was also published [2]. The Electric PoResearch Institute (EPRI) has also published tywonts concerning economic
assessment methodologies respectively for waveygmawer devices ([3]) and tidal in-stream plafd§)(

The EPRI studies focus on the North American (WhiBates) market and legislation. Three standarthadelogies, based on
U.S. regulations, are proposed for:

1. utility generators (UG),

2. municipal generators (MG),

3. non-utility generators (NUG).
Example calculation sheets are given for a regdlatdity generator (A) and a regulated municipahgrator (B) in the Appendix
to [3]. Key differences are in the obligations bgtthe Grid Operator since this determines its tiosion the market. Their
proposed cost analysis takes the following fadtais account:

- capital cost, calculated as the sum of the costiseo€omponents

- income taxation

- incentives (they vary from state to state, somemges are reported).
A cost comparison with other energy alternativestiempted.

6.2 BPRESENTVALUE COST OFELECTRICITY APPRAISAL

In general, the cost models that have been usegpaaise individual marine energy generating teldgies are based on the
widely used Net Present Value approach in whiclurutinvestments are discounted to their presentvaigut, then all
expenditure aggregated and divided by the netradatbutput (models are described in [2] — [8] artlers). Although similar in
concept, the approaches used are not consistéim icost components included or in the manner iichvinodel factors such as
discount rate or risk are considered. Such appesaahe inherently dependent on preliminary condeptgn and on cost data
available for individual components. Site- and dev$pecific uncertainties associated with accdigibdnd maintenance
interventions may also strongly influence cost mates. Comparison between different marine concepttherefore not
straightforward. In the following sections, fourtbe principal inputs to a present value cost madelreviewed.

6.2.1 Electrical Output

Predictions of the electrical output from a singlave device are discussed in the technical liteeataview of WP2-4. Cost
models by the Carbon Trust and EPRI employ devisgep matrices and annual sea-state occurrencstitsiio estimate annual
electrical output from a device. In most casesdince power matrices used were obtained fromldpees.
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Variability of supply is also significant both wittegard to the market penetration of marine systant the value of the
generated electricity. Boehme et al. [5] studydberelation between the electrical supply provitbgdarge-scale deployment of
Pelamis type devices in Scottish waters and th&iSkcaemand. Long term variability was also sddby Sinden [9].

6.2.2 Discount, Risk and Uncertainty

Several studies (e.g. [1], [5]) have shown that od®lectricity can vary by up to 30% due to vada of the discount rate over
the range 8-15%. The discount rate used is retatélie risk associated with the investment. One@gagh for accounting for risk
is the Capital Asset Pricing Model (CAPM) which a&ilg specification of the discount rate as a funrctof a risk parameter
(typicallyb) which is a measure of a cashflows correlation Withmovement of financial markets. Most methodi@e@pplied to
marine energy costing discount all future cash flawing the same discount rgf2], [3], [4], [6], [7]). Using a single discount
rate for all cash flows including both fixed andiahle operating costs and revenue due to eletstrigneration implies that all
cash flows are equally risky. However, this is kelly to be the case since, for example, long-temmtanance contracts could be
secured. Boud and Thorpe ([6]) reviewed the risifficient (6) of the shares of 28 companies with relevancleatarine sector
and suggested that a beta value of unity, and handiscount rate of 10%, would be applicable to avevenergy project.
Similarly they suggest that the cost of capitaldowave power project is expected to be approximaeds.

In a series of papers, Awerbuch (e.g. [10]) arghasdifferent risk parameteshould be applied to separate cash flows including
fuel expenses, fixed maintenance contracts an@marimaintenance costs. This method results inraligeount rates — hence
higher present values - for cash flows that areetated with the market (i.e. fuel prices and valg@aOD&M) and high factors for
those that are independent of the market (i.e. teng maintenance contracts). Whilst a risk-adplistiscount rate is applied to
each cash flow, the future cost of electricity iscdunted by the weighted average cost of capisCC)*. Unit electricity costs
calculated by this approach represent the costhathwa 30 year generation contract would traderaswy an efficient market.
Employing this methodology, it can be shown thatlitional single-discount rate cost models sigaifity underestimate the cost
of traditional fossil fuel generators whilst slighbverestimating the cost of capital intensiveewwable energy projects.

It is relatively straightforward to consider thensitivity of unit cost to the uncertainty assocthteith individual inputs. Upper-
and lower- cost bounds are identified in sevenadliss ([1], [7], [12]) and Monte Carlo simulatioemployed in others ([18]) to
obtain a probable range of costs. The ranges useda@ necessarily consistent between sourcescHuitk ([2]) attempt to
rationalise the uncertainty associated with indiaidinputs by assigning error bounds based on tatiak assessment of the
reliability of a variable estimate (i.e. variatioh+10, 20, 50% for high, medium and low confidénassigned to each component
cost or input. An alternative approach in whichzigfgic and neural networks are employed to limk tincertainty of each input
to the uncertainty of the predicted cost is outlifre a recent study by Cocodia [11] and demonsirateapplication to Floating
Offshore Structures.

6.2.3 Capital Cost

Several studies have been published concerningatsteof individual devices. Various studies areligpavailable from the DTI
([71, [12], [13]) but commercially sensitive infoation (component costs) has generally been omitted.

A major consideration for all offshore renewablemrgy schemes (marine and offshore wind) is the assbciated with site-shore
transmission and grid strengthening required. S#vefevant studies of this cost have been completebehalf of the Scottish
Executive ([5]), as part of the development of WaveHub project ([14]), as part of the EPRI repoimsvarious wind-farm
studies ([15], [16] amongst many others) and, mecently in [17]. Since these costs will be simitagspective of the generating
technology deployed at the offshore site, transionissosts are not considered in detail within tiogiillar project.

6.2.4 Operation & Maintenance

Since few marine energy schemes have been deptdfgtbre reliable estimates of the operating costérge-scale deployments
are not available. Operating cost estimates forimaagnergy projects have typically assumed anndl@osts as a fixed
percentage of the initial investment cost (e.g, [2]). More recently, parametric models have bdemeloped — used in [6] to
estimate WEC maintenance costs on the basis ofrélogiency of failure and repair time for variousmgmonents. A similar
approach is used in the site-specific studies suimgo[3] and tidal stream device study of [18].€Ble parametric models do not
appear to take account of the duration of wave itiomg suitable for site-access. From a study efBlyth offshore wind-farm,
AMEC [19] found that whilst the actual duration affshore operations can be planned with reasoratstaracy, the waiting on
weather allowance was larger than planned and rendifficult to predict.

! Dependent on the investor but national rates neagtitained from e.g. www.erecusa.com
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Although not directly comparable, it is informatit@review the methodologies used by the wind itgu®s estimate operational
and maintenance requirements whilst some activitst @and day-rate information is available from thik and gas sector.
Alternative methods for scheduling offshore winthfanaintenance are discussed in [20], [21] andrethe

6.3 LONGTERM ECONOMICS

The studies outlined above concern methods usestiimate the capital cost, operating cost, perfam@and hence cost per unit
of generated electricity from existing technologiBslicy makers and utilities are concerned with thlative market position of
emerging technologies and so the prospects fordutast reduction are important. In the followittgg prediction of future costs,
the wider economic implications of large scale dgpient and methods in which these diverse fact@ayg be considered are
reviewed.

6.3.1 Future Cost Estimation

Learning or experience curves are widely used fer ifuture costs. This approach is based on thengsison that costs will fall
by an assumed percentage with each doubling of lativelinstalled capacity. This covers all mecharssvhich could force cost
reduction. Various learning rates (typically betwek-20% of cost reduction per doubling of cumwkatproduction ([1], [3])
have been proposed for the marine energy sectedlmscost trends from other industries ([22], J2Blowever, both the transfer
of learning rates between industry sectors andisieeof learning rates derived from early stagestriks is cautioned ([22], [24]).
Learning rates applicable to the marine industey@mesently the subject of a UKERC study led by UNE[25]).

6.3.2 Economic Impacts

Grant et al. ([26]) conducted a study of the impactthe Scottish economy of installing 3GW of Patatgpe devices within
Scottish waters between 2006 and 2020. Their asatymisidered how expenditures made across a nuofiiedustry sectors
within Scotland would affect the Scottish econoifigey show significant GDP and employment increaging and beyond the
operating life of the marine devices. Several ef éluthors are presently pursuing a portfolio vasaapproach to evaluate future
technology uptake.

6.3.3 Comparative Methods

For any marine energy scheme proposal, a wide rahgeonomic indicators can be obtained and itas straightforward to

balance these to select appropriate designs. Tlddtectechnology selection (or site selection)ilsthconsidering a wide range of
variables (including economic, performance and ramvnental indicators), a comparative method magteloyed. Stallard et
al. ([27]) provide a brief background to such tagnes and outline how they may be applied to theimaaenergy sector. A
preliminary study was conducted for wave power devibut this type of approach can also be appi¢idal schemes.
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1. CONCLUSIONS AND RECOMMENDATIONS

7.1INTRODUCTION

As it has been shown in the previous chapters,naanergy research has produced along the lastleearelevant amount of
information that has favoured the birth and growtta future industry. Many technical and non-techhichallenges have been
faced with a wide range of solutions and consistieedry, terminology and methodology has been ddfiior a large variety of

technologies.

These conclusions, however, have been in many cadeéessed considering specific objectives and quap related to a
particular type of device or deployment site anairethough many international networks have betbéshed; a lot of research
effort is still taking place at a local basis witliéhe reference to standard procedures and toramlf adopted parameters.

The increasing number of developers and staketwldeolved in marine energy determines therefoneed for a recognized set
of approaches and guidelines that should ease dhgparison between technologies and permit a compiatiorm for
communication and exchange of results betweenabearchers. The EquiMar project aims at definingesof these guidelines
developing in some cases novel methods and rdsulésibjects not extensively covered by the exgsliterature.

A primary objective of the project is therefore tigentification of existing information that coultbnstitute a basis for the
protocols that will be defined during the executadrthe project. The following sections give a gibbverview and preliminary
evaluation of existing knowledge within the diffateareas outlined before. Some fundamental questidrich arose from the
analysis of the documents collected are brieflyestaand intended to serve as a first indication iapdt to the other Work
Packages.

7.2MARINE ENERGY RESOURCEASSESSMENT

Resource measurement and assessment has two furidhoigectives: providing an accurate measurehefavailable energy
across a site and over the duration of a projedtd®fine the correct quantities to input for thef@enance assessment of the
converters. This is why distinction is made betwiegy-term and short-term assessment techniques.

Waves are usually described through the use oftispegnalysis of time series of surface elevatiamsl the resource is
represented through power matrices that specifyotioairrences of significant wave height and engrgiyod. This seems to be
nowadays almost a standard procedure among wavegyedevelopers and researchers but perhaps not effictt has been

devoted to actually verifying how efficiently thisethod describes wave resource.

The same choice of which parameters should be @erexd for a resource assessment is still questibgesome users and
different selections can be found depending oradsessed site making wave resource assessmendmsttangly site-specific.
Debate has been growing also on which models ttydpp correct description of a site resource: whapectrum is the “best
one”? Which model is the most accurate in représgmtirectional spreading? How and in which casesikl spectral bandwidth
and other parameters be taken into account? Thesdl gjuestions for which no largely agreed andvesr been found.

Also, the need for a uniform resource assessmemepure for site and technology comparison is adiglith the difficulty to
define the degree of applicability to differentesitas many of the recommended methodologies hareibentified for specific
places answering to particular needs and requiresn@&m extensive characterisation should addresaititertainties related to
the assumed values and to this aim a probabiligiizoach will be developed within the EquiMar pobj check the accuracy of
regional and global models.

Within the tidal assessment it has to be pointedtimat most of the available tidal current data @méy valid at the surface and
assume that the velocity remains constant belovstinace. Available energy is estimated broadhapglying fluids techniques
more appropriate to wind but this does not take adcount adequately the presence of the freeceudiad the bounding due to
possible channel sides that might have an effe¢herenergy available at a site. The presenceeofuitbulence and its effect on
the performance at a site is particularly compédato be taken into account and no guidelines éaisgieal with this factor that
might determine differences in energy estimatiaomfrone site to another. Current tidal assessmeartefures also lack of
satisfactory characterisation of the interactiotwleen surface waves and tidal currents, a poird &dsbe analysed within
EquiMar.

The differences between resource data represematimke consultation of existing sources and datzban tidal and wave
measurements difficult. There is also a divergesfcevailability of data between European countries.

Mathematical and numerical modelling techniquesimroving all the time and are based on estahbiigheories and analytical
models often developed for other marine applicatidgtowever, such techniques may not be compreheisivend-users other
than researchers and their direct applicabilityh@ evaluation of sites and devices within the &aoh large industrial projects
may be questionable.
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7.3DEVICE MODELLING AND TESTING

Device modelling and general concept appraisaniecies have been a subject of research in varipaeanic institutions and by
developers. Verification and validation of a teclogy at a preliminary stage is usually carried thmbugh the use of numerical
and physical modelling techniques involving theiniibn of models that adequately describe the jmaysbehaviour of the
device.

Basic theory for marine energy devices has beerldped by previous research works and contempappjication of well
known formulations derived for the offshore struesiand ships design. Some of these results reprels® a benchmark for
checking of the models.

Numerical modelling relies on mathematical appreachnd computational tools. In many cases resaarara engineers
working in the field develop their own code for @ssment of marine energy devices and this makesdimparison between
different technologies particularly complicated dese of the different assumptions and level ofidefathe models utilised.
Commercial software is available for hydrodynamicdelling of the wave-body interactions and fluidvil description but such
packages are generally designed for other apmicatand do not take into account specific needwasfe and tidal devices.
Moreover there is no clarity among developers asgarchers on which of these programs is more ppate for a certain range
of applications and what are the numerical uncatitzs related to their use in the estimation ofgegormance.

Proof of concept is usually conducted through eixpental testing in laboratories (wave and towingkiaand channels) where
environmental conditions are simulated at appréo@iaale. Guidelines and methodologies for tediange been indeed proposed
by research teams working at lab facilities busthdocuments are often specifically applicableadiqular types of facilities
and/or devices and the choice of adequate parasmeteiescribe the performance appears questionathhy. Agreement should
be sought also on scaling operations and charsatien of representative environmental conditions.

Performance assessment of scaled devices is usiefiyed by power curves and power matrices butmastioned in the
previous section, the choice and the measuremetiteohdequate parameters to be used as referest# debated. In wave
energy devices, spectral bandwidth, directionadityl wave grouping might cause variation in thenestiéd output. For tidal
devices wave-current interaction and turbulenceveakk effects might be particularly crucial in pgrhance estimation.

7.4SEA TRIAL TESTING AND FULL-SCALE DESIGN AND DEPLOYMENT

Marine energy technologies need to be tested irsezaat a large scale to prove their effectiveaassfeasibility for commercial
exploitation. At the moment few devices have bested in open sea conditions and even fewer hadergone sufficiently long
testing periods to produce reliable data on theifggmance. Knowledge on methods and proceduredefoloyment coming from
experience is therefore still limited and not exdtaue.

The recent development of purposely built open wst sites has required the definition of apprderiprocedures for
performance measurement and representation. Tha umslicators are based on power matrices for wavergy and power
curves for tidal devices but, as mentioned befarstandard definition of these parameters hasetdbgen defined and is subject
of ongoing international projects. The same sedactif measurement instruments and sensors for arotgtoperations appears
still very device and site-specific and future pagls and guidelines should try to address thigeidsy considering different
deployment locations and technology types.

Recommendations on design and manufacturing ofmmaghergy devices have been defined by engineeonngpanies and
certification bodies, often basing many assumptmmgrevious experiences in the offshore oil & mekistry. However some of
these conclusions are prone to be incorrect becafutiee difference in the risk factors in thesetsex Different operational
conditions might also imply different survivabilitgquirements for marine energy devices.

Reliability data and failure rates for many compasemight be available from other applications $hauld be critically assessed
when applied to marine energy devices. For thipase only future experience will allow the estdblient of properly defined
databases. Also, existing design criteria do nke fato account site variability with sufficienttdd. Work within EquiMar will
address device classification and matching to tivirenment.

Another key issue is the design of moorings anadations: although there is a good amount of guidam mooring of one unit
and even of several bodies interacting, the modidngn array may be of a different challenge ast o6 moorings for an array
and the interaction between the units plus possilbdeference with single unit moorings may deternihe moorings strategy for
an array.

7.5ENVIRONMENTAL | MPACT AND POLICIES

Marine Energies are lacking a common regulatorymiensork in Europe. Some countries do not considemtlyet in their
Renewable Energy strategy plans and thus are mmmuesiging investment, while others are, but evessdhhave different
approaches regarding Environmental Impact Assedsmguirements, consent procedures and tariffs.

How long does it take to obtain permits? Is it flassat all? How and where to plan a marine endéngtallation? What are the
environmental implications and will they slow dowe projects? An effort is needed to provide amdeg about the situation
of the policies nowadays and in the future.
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Regarding Environmental Impact Assessments, tranmdtion on the impacts of marine energy conveiitestill too scarce and
specific to particular projects and sites. Both adsirations, as the bodies that grant permits, deéxeklopers need guidance to
know:

What environmental requirements ensure sustaifyahitid which are negligible

How to perform studies following best practices
What are the effects of marine energy farms ondhg term? Do the impacts of different devices vamych? What is the most
relevant factor; type of device, baseline statthefsite, scale and number of deployments? Extensisearch in the long term is
needed to answer these questions, while the feerexqes in marine energy and the ones that causdxd from other industries
such as offshore wind, point to the need for janifforts and sharing information.

The aim of this project should be to produce pcattguides to developers based on a four dimenisaraysis of the projects:
baseline environment, scale of device, type ofakeaind activity phase of the project.

The uncertainties on the impacts on sensitive targe marine mammals and other endangered spealkeas well for research.
As the marine environment is less known than theesé&rial one, best practices are needed to ctyrassess the baseline
environmental conditions of specific sites, takintp account that coastal areas have been underoait pressure for a long
time and that degraded areas could even beneiit fnarine energy installations.

The same happens with monitoring of the effectseotie projects are implemented; guidance on howedorm that
environmental surveillance would be necessary aohea better understanding of marine energiestandole they are going to
play in the future, as well as of the marine envinent itself.

Only a couple of life cycle analyses have beenguaréd to date for marine energy devices. To cautyLde Cycle Analyses and
couple them with Cost Benefit Analysis is an impatttool to compare devices from an economic andr@ammental cost
perspective.

7.6 ECONOMIC ASSESSMENT OFMARINE ENERGY TECHNOLOGIES

The limited experience of marine energy technolegjenerating electricity into the grid makes ittigafarly difficult to assess
the economic feasibility of different device optiior large-scale deployment.

Some previous studies have tried to estimate ttst @b electricity by assuming relatively small dephents and partially
neglecting implications of manufacturing, instabat and operation. Other more advanced works hameentrated also on the
development of different scenarios and applicatiblearning curves to define a range of variabitifithe cost estimates.

Many cost models have been based on the Net Préaarg approach but quite a lot of uncertainty barfound on how to take
into account risk factors within the definition pfoper discount rates. Other elements often nesleat poorly considered in the
existing methodologies are the scalability of thets with the deployment size and the device-sieéyibf some factors.

Determination of operational and maintenance dssgiite complicated because of the absence @iblelidata on failures from
real sea experience. Parametric models have baetoged for this purpose but they do not seem tusider the problem of
finding adequate site-access time windows becaiusavironmental conditions.



